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The world has today the urge of mitigating climate change and reducing fossil fuels 
dependence. This urge has led to an accelerated –yet insufficient– increase in the global 
renewable energy capacity, with a large deployment of solar and wind energy in recent 
years. The ocean has the potential to provide energy for the entire planet; still, marine 
technologies such as tidal, wave, thermal gradient, and salinity gradient energy have a 
minor share in the energy mix, given that most of these are in preliminary stages of 
development. Of particular interest, ocean thermal energy conversion (OTEC) and other 
deep ocean water (DOW) uses and technologies are arising as a suitable option for tropical 
islands.  
There are gaps that should be filled in order to make DOW technologies competitive with 
both conventional and other renewable alternatives, such as evaluation of practical 
potential, identification of main barriers, and design of policy incentives for supporting 
technology development. While solar and wind energy have the lead on cost, DOW 
technologies have the potential to compete with the added value that can provide, especially 
for insular areas and Small Island Developing States. This thesis contributes to such gaps 
by evaluating the potential of deep ocean water technologies (DOW) in the Caribbean, and 
the benefits that these can provide to achieve sustainable development goals.  
DOW is a renewable resource that, under the right extraction conditions, could contribute 
to sustainable development in the Caribbean. DOW could provide electricity through an 
OTEC plant, cooling services through a seawater air conditioning (SWAC) district, fresh 
water by integrating desalination and OTEC, and nutrients for seawater greenhouses, 
aquaculture, and nutrient-based business such as pharmaceutical and cosmetic industries. 
As a first contribution, this thesis presents a detailed revision of DOW technologies status 
and proposes their integration in an ocean science and technology Ecopark, as an integral 
solution to some of the Caribbean’s challenges.  
Second, this thesis contributes to ocean energy gaps by proposing and applying a 
methodology for estimating the practical potential of DOW, as the maximum water flows 
that can be extracted from –and returned to– the ocean considering geographical, technical, 
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and environmental constraints (in ocean currents, temperature, and salinity based in 
historic behavior). The application of the methodology five cities in the Caribbean allowed 
estimating a resource availability index that contributes to the understanding of reliability 
of ocean energy. Additionally, results suggest that DOW can supply 100% of today’s air 
conditioning demand and 60% of the electricity demand in each evaluated city.  
Finally, in this thesis, I developed a system dynamics simulation model to understanding 
the adoption process of SWAC in the Caribbean, identifying the main barriers, and testing 
different policy incentives for promoting its adoption. The main barriers identified were the 
lack of knowledge and low acceptance of the technology, the uncertainty about 
environmental impacts, and the lack of regulation regarding renewable energy and energy 
efficiency in the Caribbean. Simulation results show that the most effective policy incentive 
is to support the construction of pilot projects and adopt regional policies through 
cooperation between different islands. 
 
Keywords: Deep ocean water (DOW); Ocean Ecoparks; Ocean thermal energy conversion 













El mundo tiene hoy la urgencia de mitigar el cambio climático y reducir la dependencia en 
los combustibles fósiles. Esta urgencia ha llevado a un acelerado, pero insuficiente, aumento 
en la capacidad global de energía renovable, con significativos desarrollos en energía solar 
y eólica en los años recientes. El océano tiene el potencial de proveer energía para el planeta 
entero; sin embargo, las tecnologías marinas de aprovechamiento de energía mareomotriz, 
undimotriz (olas), de gradientes térmicos y de gradientes salinos tienen una participación 
mínima en la matriz energética global, dado que la mayoría de estas tecnologías están aún 
en etapas preliminares de desarrollo. Particularmente, la energía térmica oceánica (OTEC) 
y otras tecnologías que utilizan aguas profundas (DOW) están emergiendo como una 
alternativa para las islas tropicales.  
Existen brechas que deben ser abordadas para que las tecnologías de aguas profundas sean 
competitivas con otras alternativas renovables, como evaluación del potencial práctico, 
identificación de principales barreras, diseño de incentivos y política energética para 
favorecer su desarrollo tecnológico. Mientras que la energía solar y eólica tienen ventaja en 
costos, las tecnologías de aguas profundas deberían competir con el valor agregado que 
pueden aportar, en especial a regiones insulares y Pequeños Estados Insulares en Desarrollo. 
Esta tesis contribuye a estas brechas a través de la evaluación del potencial de tecnologías 
de aguas profundas en el Caribe y los beneficios que éstas pueden aportar a las metas de 
desarrollo sostenible.  
Las aguas profundas son un recurso renovable que, bajo las condiciones adecuadas de 
extracción, pueden contribuir al desarrollo sostenible del Caribe. Estas aguas pueden usarse 
para generar electricidad a través de una planta OTEC, abastecer sistemas de aire 
acondicionado a partir de agua de mar (SWAC), proveer agua potable a través de la 
integración de OTEC y tecnologías de desalinización, y proporcionar nutrientes para 
invernaderos, maricultura, e industrias innovadoras como cosmética y farmacéutica. Como 
primer aporte, esta tesis presenta una revisión detallada del estado del arte de tecnologías 
de aprovechamiento de aguas profundas, y propone la integración de éstas en un Ecoparque 
Oceánico, como solución integral a algunos de los retos de desarrollo sostenible del Caribe.  
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Como segundo aporte, esta tesis contribuye a las brechas entre energía oceánica y otras 
energías renovables al proponer una metodología para estimar el potencial práctico de aguas 
profundas, calculado como el flujo máximo que se puede extraer y retornar al océano, sujeto 
a restricciones geográficas, técnicas y ambientales (en cuanto a corrientes, temperatura y 
salinidad basado en comportamiento histórico). Dicha metodología se aplicó a cinco 
ciudades en el Caribe, lo que permitió calcular un índice de disponibilidad del recurso. Este 
índice contribuye también al entendimiento de la confiabilidad de energía oceánica. 
Adicionalmente, los resultados muestran que las aguas profundas pueden suplir el 100% de 
la demanda de aire acondicionado y el 60% de la demanda de electricidad en cada ciudad 
evaluada.  
Finalmente, en esta tesis se desarrolló un modelo de simulación en dinámica de sistemas 
para entender el proceso de adopción de SWAC en el Caribe, identificar las principales 
barreras, y simular diferentes incentivos para promover la tecnología. Las principales 
barreras identificadas son la falta de conocimiento y aceptación de la tecnología, la 
incertidumbre en los impactos ambientales, y la falta de regulación para energías renovables 
y eficiencia energética en el Caribe. Los resultados muestran que el incentivo más efectivo 
es apoyar la construcción de proyectos piloto y adoptar políticas regionales de cooperación 
entre las diferentes islas.  
 
Palabras claves: Adopción tecnológica, Aguas profundas (DOW); Aire acondicionado a 
partir de agua de mar (SWAC); Ecoparques Oceánicos; Energía por conversion térmica 
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The deployment of renewable energy has increased in the past 20 years, as a result of the 
urge for mitigating climate change (IPCC, 2014). The renewable capacity has doubled 
between 2007 and 2016, going from almost 1000 GW to 2000 GW (IRENA, 2017). 
Technologies such as solar and wind have presented the largest deployment rates, adding 
660 GW of new capacity in the last ten years, while other renewable energies such as ocean 
technologies have presented smaller deployment rates, adding only 0.27 GW in the same 
period (IRENA, 2017).   
The ocean is the largest energy reservoir and offers alternative forms of generation such as 
tidal, thermal gradient, saline gradient, and wave energy (Pelc and Fujita, 2002). Despite 
this, the marine RE technologies still have a minor share in the global energy mix, with 
only 536 MW installed from a total global capacity of about 5600 TW (IRENA, 2014a). 
Thus, there is an interest in exploiting the ocean's potential and accelerate the deployment 
rate of marine technologies. Of particular interest, the technologies that use the Deep Ocean 
Water (DOW), such as Ocean Thermal Energy Conversion (OTEC) and Seawater Air 
Conditioning (SWAC), are emerging as an option for supplying different forms of energy 
in small tropical islands.  
DOW is the cold water founded below the superficial layer of the ocean (and below the 
thermocline), with typical stable temperatures under 5°C, and usually with higher 
concentrations of nutrients than surface water. DOW can be directly used for feeding 
cooling districts through a SWAC system, which uses the cold water to operate a cooling 
station, that later provides air conditioning to a set of buildings. The OTEC technology 
uses the thermal gradient between the warm surface water and DOW from 800-1000 meters 
deep. Warm water is evaporated at low pressure, or used to evaporate a fluid with smaller 
boiling point, then the vapor is used to power a turbine and generator, and DOW is used 
to re-condense such vapor (IRENA, 2014c). Additionally, DOW physicochemical conditions 
are an exploitable resource not only for energy, but also for producing fresh water, provide 
nutrients for aquaculture, and provide raw material for cosmetic and pharmaceutical 
industries (Nakasone and Akeda, 1998; Yoza et al., 2010).  
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The use of DOW for energy was initially proposed in 1881, but given the high costs and 
the lack of information, the studies stalled in theoretical designs of OTEC (Vega, 2003). It 
was after 1980’s that studies were re-established, with the design of more efficient OTEC 
cycles (Vega, 2003, 1995), and SWAC was introduced (Makai Ocean Engineering Inc., 
2011). SWAC has reached a more mature state and have been commercially installed in 
several places, while OTEC applications are still limited to prototypes (Osorio et al., 2016). 
Other uses of DOW, such as greenhouses conditioning, nutrients use for mariculture, and 
pharmaceutical applications are still in preliminary stages (Yoza et al., 2010).  
Tropical waters have been found to be ideal for the application of DOW technologies, 
specially OTEC, given that a minimum gradient of 20°C is required to obtain positive net 
energy (Fujita et al., 2012; IRENA, 2014c; Vega, 2003). Rajagopalan & Nihous (2013) have 
estimated the large-scale global potential for OTEC considering geographic restrictions; 
they report a maximum theoretical potential of 12-14 TW, the biggest potential compared 
with other marine technologies. The literature reports over 100 sites promising for OTEC 
installation, 34 of them located in the Caribbean (IRENA, 2014c).  
Tropical islands face today other challenges additional to energy supply that can also be 
tackled with DOW applications, such as fresh water supply, food security, and sustainable 
economic development. DOW technologies are attractive in the Caribbean since a 
combination of OTEC with alternative uses of DOW could provide an integrated solution 
for such challenges (Osorio et al., 2016). 
Given the DOW potential and the islands’ needs, the Caribbean has the opportunity to 
become a pioneer region in harnessing the ocean’s potential. However, given the novelty of 
DOW technologies, the Caribbean sustainable energy roadmap prioritize other forms of 
energy such as solar, wind, and biomass (Ochs et al., 2015), and the energy sector policy 
and strategy formulated by the Caribbean Development Bank explicitly excludes ocean 
energy (CDB, 2015). Different gaps should be filled to bring DOW technologies closer to 
policymakers and to include them in energy agendas, such as identification of practical 
potential, barriers, and incentives to technology adoption. Thus, with the aim to contribute 







1.1 Research problem  
From the literature review and analysis (presented in detail in each following chapter), 
three issues arose:  
(i) Given the current sustainability challenges of the Caribbean’s islands, there is a need 
to understand the status of DOW technologies and how can these technologies 
contribute to such challenges.  
(ii) The Caribbean has a large theoretical potential of OTEC; however, this theoretical 
value is unpractical for decision-making and energy planning. Thus, there is a need to 
improve the existing methodologies to assess the practical DOW potential in the 
Caribbean and estimate its actual potential, regarding water resource and market 
opportunities. 
(iii) From all DOW technologies existing today, SWAC is the one with the largest maturity 
and development, which gives it an advantage over other technologies to be adopted 
in the Caribbean. Thus, there is a need to understand how can be the adoption process 
of SWAC in the Caribbean, which barriers can slow down this process, and which 
incentives should be implemented to accelerate it. 
 
1.2 Objectives  
1.2.1 General objective 
Evaluate the conditions on how Deep Ocean Water (DOW) technologies can diffuse in the 
Caribbean, considering the barriers and incentives, and the impact on selected indicators 
of sustainable development.  
 
1.2.2 Specific objectives 
(i) Identify and asses which DOW technologies can be implemented in the Caribbean.  
(ii) Identify the Caribbean practical potential for SWAC and other DOW technologies.  
(iii) Asses the main barriers and incentives for the implementation of an Ocean Ecopark 
in a potential site in the Caribbean.  
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(iv) Develop a simulation model for the diffusion of selected DOW technologies in the 
Caribbean, considering the identified potential.  
(v) Simulate strategies for promoting the development of DOW in the Caribbean. 
 
This thesis presents four studies performed to accomplish the previous objectives, and 
organized in chapters 2 to 5, as follows: Chapter 2 (Study 1) presents the identification and 
state of the art of DOW technologies, the definition of Ocean Ecoparks as an integrated 
solution to sustainability problems, and main barriers to Ecoparks in a selected island in 
the Caribbean. Chapter 3 (Study 2) presents a methodology to estimate the practical DOW 
potential considering geographical and environmental constraints, such as thermal gradient, 
ocean currents, alterations in salinity and temperature, and distance to protected areas. 
This methodology is then applied to identify the practical DOW extraction potential of five 
cities in the Caribbean: Bridgetown (Barbados), Montego Bay (Jamaica), Puerto Plata 
(The Dominican Republic), San Andres (Colombia), and Willemstad (Curacao). Chapter 4 
(Study 3) develops a simulation model to understand the adoption process of SWAC and 
test country-level policies. Then in Chapter 5 (Study 4), the model was applied to test 
regional policies to incentivize SWAC in the Caribbean and overcome critical barriers. 
Finally, Chapter 6 summarizes the main conclusions and contributions of this thesis and 
discusses the opportunities for future work.   
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2. Beyond Electricity: The Potential of Ocean 




Small islands face difficult challenges to guarantee energy, freshwater and food supply, and 
sustainable development. The urge to meet their needs, together with the mitigation and 
adaptation plans to address climate change, have led them to develop renewable energy 
systems, with a special interest in Sea Water Air Conditioning (SWAC) in tropical islands. 
Deep Ocean Water (DOW) is a resource that can provide electricity (through OTEC in 
combination with warm surface water), low temperatures for refrigeration, and nutrients 
for food production. In this paper we propose an Ocean Technology Ecopark (OTEP) as 
an integral solution for small islands that consists of a SWAC plant, an OTEC pilot plant, 
other alternative uses of DOW, and a Research and Development (R&D) center. We 
present an application of OTEP to San Andres, a Colombian island that meets all the 
necessary conditions for the implementation of SWAC, OTEC, water desalinization, and a 
business model for DOW. We present the main entrance barriers and a four-stage roadmap 
for the consolidation and sustainability of the OTEP.  
Keywords: Deep Ocean Water, Ocean Thermal Energy Conversion, Renewable Energy, 
Small Islands, Sustainable Development. 
 
 
This chapter was published as:  
Osorio, A.F., Arias-Gaviria, J., Devis-Morales, A., Acevedo, D., Velasquez, H.I., Arango, 
S., 2016. Beyond Electricity: The Potential of Ocean Thermal Energy and Ocean Ecoparks 
in Small Tropical Islands. Energy Policy Vol. 98, p 713-724.  
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2.1 Introduction  
The Fifth Assessment Report on Climate Change (AR5) from the Intergovernmental Panel 
on Climate Change (IPCC) shows that the effect of climate change is increasing all over 
the planet, with evident changes in temperature, water cycles, sea level, extreme events, 
carbon and other biogeochemical cycles, among others (IPCC, 2013). Such changes are the 
result of the emissions of anthropogenic greenhouse gases (GHG), which increased by more 
than 80% since 1970, mainly due to fossil fuels combustion for energy production (IPCC, 
2014). The effects of climate change on small islands are very strong and require both 
mitigation and adaptation measures. One of the main actions for climate change mitigation 
is the development of Renewable Energy (RE). 
The ocean is the largest energy store on earth, and offers alternative forms of generation 
such as tidal, thermal gradient, saline gradient, off shore wind, and wave energy (Pelc and 
Fujita, 2002). However, ocean (or marine) RE technologies still have a minor share in the 
global energy mix, with only 530 MW installed from a total global capacity of about 5600 
TW (IRENA, 2014b). Of particular interest, Ocean Thermal Energy Conversion (OTEC) 
is emerging as an option for supplying energy in tropical regions. Islands provide a starting 
point because of their large ocean thermal potential. OTEC, along with different uses of 
Deep Ocean Water (DOW), could supply other basic needs. The properties of DOW can 
not only provide electricity, but also low temperatures for refrigeration and air-
conditioning, and nutrients for food production. Additionally, small islands need to 
guarantee energy supply and food security, and promote sustainable development. Thus, if 
OTEC and other DOW technologies reach a technical maturity and competitive costs, they 
could emerge as an integral solution for current problems in small islands by using the 
resource in a cascade system, as proposed by (Nakasone and Akeda, 1998). However, it is 
required to reach the technical maturity at competitive costs. 
OTEC technology uses the thermal gradient between warm surface water and cold DOW 
from 800-1000 meters deep (IRENA, 2014c). This gradient is converted into electricity 
using a simple thermodynamic cycle. In addition to power generation, DOW can also be 
used directly in cooling systems, such as Sea Water Air Conditioning (SWAC), greenhouse 
conditioning, aquaculture and other nutrient-based industries (Yoza et al., 2010). Finally, 





Recently, the interest in OTEC has increased in small islands with low energy resources 
because of its potential in tropical regions. Existing studies have focused on the potential 
and the market for this technology – which requires a minimum gradient of 20°C to obtain 
net positive energy (Fujita et al., 2012) – and on the fact that tropical waters located 
between 25°N and 25°S meet this gradient condition (Fujita et al., 2012; IRENA, 2014c; 
Vega, 2003). Rajagopalan & Nihous (2013) have estimated the global large-scale potential 
of OTEC to a maximum of 12 to 14 TW considering geographic restrictions – the largest 
potential of all marine energy technologies. The literature states that 98 countries and 
territories could provide promising sites for OTEC installations, mostly on tropical islands 
(IRENA, 2014c). OTEC penetration is still limited due to high costs and the lack of 
experience in plant construction at an industrial scale - above 10 MW- (IRENA, 2014c); 
however  if those barriers are overcome,  it could be an alternative electricity solution for 
small islands. 
Colombia has access to both the Atlantic and the Pacific Ocean, covering over 3,000 km of 
coastline and almost 900,000 km2 of marine area – nearly 50% of its national territory 
(INVEMAR, 2014). Osorio et al. (2016) present the Colombian potential for ocean RE such 
as OTEC, salinity gradients, and tidal energy, and state that OTEC has the highest 
potential. Devis-Morales et al. (2014) evaluated the potential for OTEC in Colombia based 
on the evaluation of temperature gradients, bathymetry and socio-economic features of the 
region. The results suggest that the Island of San Andres meets the technical conditions for 
the installation of an OTEC plant, given that there is an average thermal gradient of 22°C 
at 2.3 km from the coastline throughout the year.  
So far, OTEC studies have focused mainly on potential assessments, and, to our knowledge, 
there are no studies that analyze the combined effects of OTEC with alternative uses of 
DOW on the development of small tropical islands. In this paper, we aim to discuss that 
such integration could take place on an Ocean Technology Ecopark (OTEP) involving 
energy generation, freshwater production and use of DOW nutrients, among others, 
considering both Research and Development (R&D) activities and a business model for 
spin-offs. We apply the OTEP concept to the Colombian island of San Andres, as a case 
study. In section 2, we present a discussion about the multiple challenges of small islands. 
Sections 3 and 4 present the proposal of OTEP and the application to San Andres, 
respectively. Finally, we conclude and discuss the policy implications in section 5. 
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2.2 Not only energy supply: the problem of small islands 
Islands are minor contributors to global GHG emissions. However, they have the highest 
levels of emissions per capita. For instance, the Caribbean Sea islands contributed only to 
0.4% of global GHG emissions in 2011, but the emissions per capita reached almost 120 
tons/person, while the global average was 5 tons/person (World Bank, 2015). These 
emissions mainly come from fossil fuel energy generation. This situation, combined with 
volatile fuel prices and high costs of fuel transport, is an incentive for the islands’ 
stakeholders and communities to search for other energy alternatives (Weisser, 2004). 
Currently, a wide number of projects related to RE in islands are being developed (IRENA, 
2014a). 
Islands not only face the challenge of reducing emissions and guarantying energy supply, 
but also other important local development issues such as freshwater and food supply, and 
economic development. Moreover, insular areas are amongst the most vulnerable regions of 
the world. The Working Group II contribution to the AR5 shows that climate change poses 
many threats to small islands and requires numerous adaptation actions to change 
conditions such as shrinking freshwater resources due to rainfall variations, food security 
threats due to extreme climatic events, ecosystem variations, imports prices (also sensitive 
to climate change), economy and tourism due to extreme events; among others (IPCC, 
2014b).  
The sole implementation of RE only tackles the issue of power supply. Thus, we consider 
that an integral solution is preferable in order to guarantee proper development. One option 
is what we have called an OTEP involving the elements showed in Figure 2-1: energy 
generation, freshwater production, DOW use for aquaculture, greenhouses, and nutrient-
based industries, and R&D on all these aspects. The materialization of the proposed OTEP 
requires that technologies reach an economic feasibility status, however no development 
can be possible without the financing of initial R&D and innovative ideas.  We develop this 







Figure 2-1 Challenges for small islands and possible solutions offered by an Ocean 
Ecopark 
 
2.3 Technological proposal  
2.3.1 Ocean Ecoparks as an integral solution 
In this section we discuss how the use of DOW could take place in an OTEP that involves 
energy generation, freshwater production, and use of DOW nutrients, among others. Such 
OTEP considers both R&D and a business model for spin-offs. The dynamic process and 
impacts of the OTEP are presented in Figure 2-2. First, following the horizontal axis of 
Figure 2-2, we expect the diffusion rate of the technology to be bell-shaped, given that on 
the first stages the technology faces low acceptance, high costs and low profitability. At a 
subsequent stage, the acceptance would increase and reach maximum levels as the 
technology becomes well known and socially accepted. Finally, it would decrease again once 
the potential is reached. Thus, the complete diffusion process produces a cumulative s-
shaped installed capacity that reaches a maximum level when potential sites have adopted 
the technology, as expected for technology diffusion (Bass, 1969), and as it has been 
observed in the diffusion of RE technologies ( see e.g. Masini & Frankl, 2002; Söderholm & 
Klaassen, 2007; Usha Rao & Kishore, 2009). While OTEC technology itself may face a slow 
diffusion process due to high costs, lack of technological maturity, and low acceptance, the 
integration of DOW via the OTEP is expected to leverage and accelerate such process. We 
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expect that such behavior may also occurs to OTEC and DOW technologies given the 
structural similarities to other RE systems: A relatively large potential, a diffusion rate 
that depends on economic feasibility, an energy market with the urge for introducing RE 
and alternative sources, high initial costs, and learning and R&D opportunities.   
The OTEP is expected to increase the cost-benefit relation of deep-water extraction, and 
thus be more profitable than an isolated OTEC plant. The acceptance of local communities 
and stakeholders may also increase the diffusion. The energy supply is not expected to have 
a strong positive impact on a community that produces electricity from fossil fuels, unless 
the new technology can offer a competitive price. The integration of DOW uses could split 
the investment costs; therefore, it could lower the generation costs, making the OTEC 
component competitive. Alternative potential side effects are the improvement of food 
security, reduction of cooling and energy costs, creation of new jobs and industries, and the 
quality of life of the local community progresses.  
RE technologies have shown three main drivers to lower costs: learning-by-doing, learning-
by-research and economies of scale (see e.g. Ferioli et al., 2009; Lindman & Söderholm, 
2012).  Learning-by-doing can lower costs through the experience gained in the technology’s 
construction, installation and operation processes. Learning-by-research can drive 
improvements in many aspects of the technology such as materials, equipment, efficiency, 
knowledge about the resources and impacts, and new business models based on new 
products. Economies-of-scale can reduce unit costs when a technology is mass-produced. 
Thus, as the technologies in the proposed OTEP are increasingly installed and R&D in 
related issues is encouraged, the learning-curve mechanisms will reduce the costs of the 







Figure 2-2 Dynamic processes and impacts of Ocean Technology Ecoparks 
 
Similar semi-industrial clusters are currently in place around the world, located in Hawaii, 
Taiwan, South Korea and Japan, where deep seawater pipelines have been installed for 
both research on OTEC activities and DOW supply for commercial activities in food 
production, cosmetics and other industries. A site visit to one of these facilities, the 10-
hectare Deep Sea Water Research Institute in the island Kumejima, Japan1, showed that 
since the pipeline was installed in 2003, a number of different industries have flourished, 
which now represent approximately 25% of the total economic output of the island, 
generating an annual turnover of 20mm USD. The pipeline in Kumejima supplies 13,000 
m3/day of cold deep seawater pumped 612m deep, which is used for the cooling of buildings, 
a 100 kW OTEC pilot facility, drinking water supply, aquaculture, cosmetics 
manufacturing, horticulture and the production of specialty salts, among other uses. 
 
                                      
1 Co-authors conducted a technological mission to Kumejima in May-2014. For details of the mission see 
https://goo.gl/T1TjHU  
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2.3.2 Technology Overview  
a. Seawater air conditioning (SWAC) 
DOW can be used for what is known as District Cooling Systems that are ideal for supplying 
air conditioning to cities or communities near to a DOW source. In these systems, DOW is 
used to chill freshwater through a heat exchange facility, and the chilled freshwater then 
circulates through a distribution network in the consumer community (Makai Ocean 
Engineering Inc., 2011). The process finishes with either the return of seawater to the ocean, 
or its use in other applications. It is also possible to use cold water from the bottom of lakes 
located close to cities. Recent applications of cooling districts exist today, from both 
seawater and lake water, in places like Hong Kong (Chow et al., 2004), Toronto, Ithaca - 
NY (Looney and Oney, 2007), Kona - Hawaii (War, 2011), Japan (OTEC Okinawa, 2015) 
and Amsterdam, among others.  
SWAC districts are an attractive alternative for small tropical islands given that they can 
save up to 85% of the energy consumed in typical air conditioning systems (Looney and 
Oney, 2007). The main reason for this is that conventional individual chillers are more 
expensive and less efficient that a centralized system (Looney and Oney, 2007). Moreover, 
it is a renewable source and reduces the use of fossil fuels. Its implementation is still limited 
by the unknown environmental impacts on specific places, and communities’ concerns about 
the real cost for consumers (Lilley et al., 2015). 
 
b. Ocean thermal energy conversion (OTEC) 
As mentioned above, OTEC technology uses the temperature gradient between DOW and 
surface water to produce electricity. The first OTEC plant was proposed in 1881. However, 
the technology has gained particular interest only in the past three decades, given the needs 
for alternative RE and its worldwide potential. A recent estimation of large-scale potential 
shows that OTEC has the highest potential in comparison to other ocean technologies: 12 
to 14 TW (Rajagopalan and Nihous, 2013). 
OTEC technology can be implemented through three main cycles: A Closed Cycle (CC-
OTEC), an Open Cycle (OC-OTEC), and a Hybrid Cycle (HC-OTEC). The CC-OTEC 
principle was initially proposed by Jacques-Arsène d'Arsonval in 1881, when he suggested 
that a heat engine could be used to extract energy from the temperature difference between 





evaporation of a working fluid with a low boiling point, such as ammonia, in a closed cycle. 
The working fluid steam then moves a turbine and generator to produce electricity. Then, 
the steam is re-condensed with the cold DOW (Vega, 1995). The OC-OTEC was designed 
by Paul Boucherot in 1926 (Nihous and Gauthier, 2012), and includes a freshwater 
production process. It functions through the evaporation of a fraction of warm water in a 
flash operation and the use of this vapor to directly drive the turbine; then the desalinized 
water vapor is re-condensed with DOW and can be used to produce fresh water. Although 
OC-OTEC offers the advantage of freshwater production and cheaper heat exchangers, 
larger turbines are required to accommodate the relatively large volumetric flow rates of 
low-pressure steam, in order to generate a practical amount of energy. Finally, the HC-
OTEC is a combination of the CC and OC that was initially designed in the early 1990’s 
(Rabas et al., 1990). As in OC-OTEC, the surface water is turned into vapor, which 
transfers its energy to a CC-OTEC by evaporating a working fluid that drives the turbine 
and generator. Lastly, DOW condensates both the working fluid and the water vapor. This 
cycle allows both freshwater production and the use of the large power generation 
capabilities of CC-OTEC (Masutani and Takahashi, 1999).  
OTEC has several advantages, such as freshwater production, fuel-free power generation 
and, most importantly, non-intermittency. OTEC plants have a capacity factor comprised 
between 80 and 90% (IRENA, 2014b), more than other energy technologies such as wind 
farms (20-40%) or solar panels (10-35%). However, the Carnot efficiency for all cycles is 5-
7%, which is low compared to conventional thermal cycles (40-50%), due to the small 
temperature gradient. This low efficiency is not a concern given that the technology is fuel-
free, resulting in small variable costs. Besides, to overcome this challenge, recent studies 
have proposed an integration of solar energy to overheat the warm surface water (Yamada 
et al., 2009) or the working fluid directly in the case of CC-OTEC (Aydin et al., 2014).  
 
c. Seawater desalination 
97% of the total water in the world is in the ocean. Given the scarcity of freshwater, 
necessary to human life, desalination of seawater plays a major role in water supply. The 
most common processes for desalination are flash evaporation, distillation, freezing and 
reverse osmosis (Kalogirou, 2005), the last one being the most used technology for seawater 
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desalination in the world, with close to 44% of installed desalination capacity (Greenlee et 
al., 2009).  
The desalination processes require high energy consumption either for boiling, re-
condensing, or high pressures, and such energy requirements are usually supplied by fossil 
fuels combustion (Kalogirou, 2005). Therefore, low energy consuming processes integrated 
with RE sources are emerging as an option for seawater desalination. In fact, the literature 
reports assessments of the integration of RE with a desalination process, to produce both 
electricity and freshwater (see e.g. Eltawil et al., 2009; Zak et al., 2013).  
Combined RE and distillation methods usually include a source such as geothermal, solar 
or wind power, for the generation of electricity and to drive a reverse osmosis mechanism. 
Thermal energy from geothermal and solar power can also drive mechanisms like distillation 
and flash evaporation (Eltawil et al., 2009). However, these methods need additional re-
condensation stages with high energy requirements. This consumption can be replaced by 
cold DOW, which provides a lower cost heat sink suitable for re-condensing. 
The desalination process with DOW integrated with an OTEC plant was proposed since 
the design of OC-OTEC, before all the other RE processes mentioned. This integrated 
process can be carried out through a flash, low-temperature thermal desalination, where 
warm surface water is evaporated in a flash process and then condensed with DOW. A 
reverse osmosis process with an OTEC plant was recently proposed, where a CC-OTEC 
operates the vacuum chamber for osmosis and the warm water is desalinized after 
evaporating the working fluid (Dyer and Ragan, 2012). 
 
d. Other DOW uses 
Similarly to SWAC, deep seawater can also provide cooling conditions for greenhouses, in 
order to be feasible to cultivate food in all seasons that would not grow under the normal 
temperature conditions (Seawater Greenhouse, 2014). Moreover, DOW characterizes for 
being a nutrient-rich fluid (Yoza et al., 2010) that can be used for aquaculture or marine 
culture. Given its composition, DOW could be a control variable for salinity, nutrients 
concentration and temperature for the farming of fish, oyster, algae, plankton, and more 
(Nakasone and Akeda, 1998). In fact, DOW marine culture was proposed combined with 
OTEC technologies with the early 1980’s (Daniel, 1985; Roels et al., 1979). Other industries 





pharmaceutical and cosmetic industries, mineral food and beverages production, and spas. 
(Chen et al., 2007; Nakasone and Akeda, 1998; Seawater Greenhouse, 2014). In summary, 
DOW applied to innovative business based in seawater has a great potential in the new 
emergent culture of innovation and entrepreneurship. 
From all possible DOW applications other than SWAC/OTEC, the food production is 
probably the most developed industry and the one receiving much attention due its high 
productivity. The role of seawater greenhouses and aquaculture to cultivate food will 
increase in the near future in regions where water is scarce, and soil is contaminated or 
nutrient-depleted. Similarly to SWAC, deep seawater can also provide cooling conditions 
for greenhouses, which allow growing food all year round, in places where only saline 
groundwater or seawater are accessible. As an example, the seawater greenhouse (SWGH) 
recreates the “hydrologic cycle” by evaporating water from saline water source and regains 
it as freshwater by condensation (Paton, 2001). This technology has undergone several 
stages of improvements and showed a promising practical solution in places lacking 
freshwater for irrigation (Al-Ismaili and Jayasuriya, 2016). 
Table 2-1 present an example of current projects utilizing DOW for different purposes, 
either coupled of a SWAC plant, or independently. As shown in the table, different DOW 
applications such as mariculture and pharmaceutical industry in Hawaii Okinawa and 
South Korea are jointed to a pilot OTEC plant with relatively small capacity, with small 
DOW flows. These businesses have succeeded because their products have an added value 
given the quality of the DOW resource. However, such activities have not been proven to 
be successful to a higher scale, i.e., for a 5 MW or more OTEC plant. Thus, OTEC should 
still be considered in first instance for the electricity and fresh water production (Vega, 
1992). Thus, the market for alternative DOW uses with the current conditions should be 
treated as an additional opportunity. Table 2-1 also presents several SWGH and SWAC 
projects that have succeeded without a parallel OTEC plant. Although the flowrates of 
DOW required for a SWAC system are lower than for OTEC, both technologies can operate 
on a cascade design by extracting enough DOW for the OTEC plant, and then utilize only 
the needed amount of water for the SWAC and other systems. This issue provides an 
opportunity to expand SWAC capacity as the demand of the community increases.  
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Table 2-1 Example of current projects utilizing deep ocean water 
*O: operational, D: Design, U:Under development, F: Feasibility study 
Location Technologies Status* Reference 
Hawaii – Kona, 
NELHA 
SWAC, 100 kw OTEC, 
other DOW uses 
O http://nelha.hawaii.gov/ 
 
Japan – Okinawa 
Prefecture 
SWAC, 100 kw OTEC 
other DOW uses 
O http://otecokinawa.com/  
Korea – KIOST SWAC, 20 kw OTEC, 
other DOW uses 
O (IRENA , 2014b) 
Canada – Toronto Lake Source Air 
Conditioning, 207 MWth 
O http://www.districtenergy.org/  
Amsterdam – The 
Netherlands 
Lake Source AC, 60 
MWth and 64 MWth 
O http://www.nuon.com/  
Taiwan – Hualien  Other DOW uses O (Liu et al., 2008) 
French Polynesia SWAC O www.makai.com  
Tenerife Pilot SWGH O www.seawatergreenhouse.com  
Abu Dhabi SWGH O www.seawatergreenhouse.com  
Oman SWGH O www.seawatergreenhouse.com  
Australia – Port 
Augusta 
SWGH O www.seawatergreenhouse.com  
USA – Hawaii, Kona Pharmaceutical industry O http://www.merapharma.com  
USA – Hawaii, Kona Mariculture O http://konacoldlobsters.com  
Bahamas – Baha Mar 
resort 
SWAC for 100000 ft2 D www.oteccorporation.com  
France – Reunion 
Island 
SWAC U (Thiebot, 2015) 
France – Martinique 16 MW OTEC U (Thiebot, 2015) 
Curacao  500 kw OTEC, SWAC 
and other uses 
U www.bluerise.nl  
Somalia SWGH U www.seawatergreenhouse.com  
Gran Canarias SWGH U www.seawatergreenhouse.com  
Jordan and Qatar – 
Sahara desert 
SWGH U http://saharaforestproject.com/  
US – Virgin Islands OTEC, SWAC, potable 
water 
F www.oteccorporation.com  






2.4 The Case of San Andres Island  
The archipelago of San Andres, Old Providence and Santa Catalina is located about 720 
km (470 miles) from the northwestern coast of continental Colombia, and has a total 
extension of 350,000 km2, of which only about 45 km2 are covered by its three inhabited 
islands. Coastal and marine ecosystems in the archipelago include vast and diverse coral 
formations, sea grass beds, mangroves, oceanic areas, sandy beaches, and dry tropical 
forests, whose conditions range from pristine to almost completely degraded, evidencing the 
effects of a wide variety of human activities. 
Due to its biological diversity, rich natural environment and the characteristics of the native 
culture, UNESCO’s Man and the Biosphere Programme awarded the entire archipelago the 
title of Seaflower Biosphere Reserve in 2000. Nevertheless, the archipelago faces several 
environmental, social, and economic problems, mostly due to its over-population. San 
Andres island is the largest (27 km2) and most inhabited island of the archipelago (>70,000 
people; ~93.2% of entire archipelago) (DNP, 2015). The island faces poor solid waste 
management, lack of freshwater, inadequate liquid waste management, vulnerability of 
human settlements, poor soil maintenance, air pollution from both industrial use and 
transportation, and the degradation of strategic ecosystems (Howard, 2006). The 
population density reaches over 2600 people/km2 and the vast amount of tourists visiting 
the island each year exceeds 450,000 people. It leads to an energy demand peaking at over 
31.5 MW (about 160 to 187 𝐺Wh/year) (SOPESA, 2013). Power is entirely supplied by a 
Diesel power plant that consumes more than 40 million liters per year, which are shipped 
from continental Colombia. Its dependence on imported fossil fuels makes the island highly 
vulnerable to oil price fluctuations that directly impact the cost of electricity, as well as air 
pollution and oil spills. 
Water is supplied by two aquifers which cover at most 80% of the island needs (UNAL, 
2010). In 2012, the water supply was 1,900,000 𝑚3 per year with losses close to 77%. This 
represents only a portion of the total estimated demand for drinking water in the island, 
as the total annual demand is estimated to 4,471,250 𝑚3 (175 liters per capita daily) 
(Cusano et al., 2013). Due to the deficiency of water supply, private groundwater wells, 
rainwater harvesting and desalinization systems are being installed by local residents, 
restaurants and hotels. However, the lack of knowledge regarding adequate extraction 
34 Adoption of deep ocean water technologies and their contribution to sustainable 
development in the Caribbean 
 
techniques has led to poor water quality and high levels of contamination (PROACTIVA, 
2008).  
In San Andrés, fresh water is a limited resource, the energy supply is expensive and 
inefficient, and the current population consumes more food than the maximum estimated 
capacity of the island (<20,000 people) (Rock et al., n.d.).Most supplies are not produced 
locally but are brought from overseas (mainland Colombia). These factors have led to 
negative indicators of sustainable development and have caused negative socioeconomic 
impacts such as high food, energy and water generation costs, an increase (>50%) of people 
living with unsatisfied basic needs (poverty indicator) due to a decline of the commercial 
sector (DANE, 2005) and high unemployment rates (around 7% in 2014) (DNP, 2015). 
Moreover, the over-exploitation and bad management of natural resources, the growing 
threats on water supplies such as the contamination of groundwater, high greenhouse gas 
emissions and the risks related to the transportation of Diesel supplies through this fragile 
ecosystem threatens the ecological sustainability of this insular Colombian department. 
Since the economic structure of the island is highly dependent on tourism and related 
activities such as commerce and transportation, damages to the environment and its natural 
sceneries could have lasting effects on the archipelago’s growth. 
The Colombian government has developed several management and monitoring plans. 
These plans are not organized in coherent programs and lack overarching frameworks, 
communication channels and consistency (Howard, 2006). To solve its energy and waste 
problems, the island has recently built a solid waste management plant with a 1 MW 
installed capacity, but it has not started operating to this day. There are also plans to build 
a 7.5 MW wind farm (SOPESA, 2013), but no progress has been achieved on the recent 
years on this direction. Furthermore, a new water management plan aims to organize and 
regulate the extraction of this valuable resource, monitor water quality and efficiently 






2.4.1 The Ocean Ecopark in San Andres  
San Andres Island presents all the conditions required for the application of OTEC: a 
thermal gradient higher than 20°C in the upper kilometer of the water column all year long, 
a short distance to the deep water from the shore, with a steep topographic slope and a 
relative smooth seafloor, operational waves of up to 3.7 m in significant height, extreme-
survival conditions of up to 6 m of significant wave height (9.6 s period), 20 m/s wind speed 
and less than 1.5 m/s ocean surface currents, and relatively low likelihood of earthquakes, 
tropical storms and other natural hazards (Devis-Morales et al., 2014; Vega and Michaelis, 
2010). 
Devis-Morales et al. (2014) presented the evaluation of the seasonal and interannual 
thermal variability in San Andres through the analysis of monthly climatological means 
and a high-resolution ocean model. It was concluded that in the southwestern extreme of 
the island, temperature differences in the upper 1000 m of the water column were always 
well above 21°C, and more importantly, the requirement of a 20°C thermal gradient is 
available at depths of around 500-700 m with a horizontal distance of 2.4 km from the shore 
(see Figure 2-3). This relatively shallow depth and near-shore distance to the cold water 
intake implies important budget savings and better technical feasibility, reducing the 
Capital Expenditure (CAPEX) associated with the cold water pipe costs. Table 2-2 
summarizes results from the ideal location of an OTEC/DOW facility. 
OTEC resources around San Andres Island has been estimated from the observation of 
temperature profiles available from daily data for the 2002-2008 period, following Nihous’ 
methodology (Nihous, 2007, 2005). Table 2-3 presents the requirements for different sizes 
of OTEC and SWAC, and compares their production capacity with San Andres’ energy, 
potable water and air conditioning demands. An example of an offshore 10 MW OTEC net 
power plant design could be reached at depths of around 535m± 68 m, using warm surface 
water and cold deep water flow rates in the order of 30-45m3/s. This system could produce 
about 80 GWh/year of electricity and about 13000 m3/day of desalinized water, supplying 
about 40% of San Andres Island’s total energy demands, and covering all the potable water 
needs.  
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Table 2-2 Information of OTEC/DOW best location in San Andres Island 
 from a reanalysis model data available from 2002 to 2008.  
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OC-OTEC 100 kW 5 MW 10 MW  
Warm surface water flow [m3/s] 400 23000 40000  
Cold deep seawater flow [m3/s]  400 23000 40000  
Energy production [GWh/year] 0.8 40 80 160 – 187  
Submerged Pipeline diameter [m] 2 3 4  
Max. desalinized water flow 
[m3/day] 








Energy from SWAC system 
[GWh/year] 





 Flow rate required [m3/s] 
assuming Tin=5°C, Tout-12°C 
0.33  0.5  0.66  
Mainline Pipeline Internal 
Diameter [m] 








Figure 2-3 Map of the Caribbean Sea and location of San Andres Island 
Colors indicate bathymetry depths (in meters). The small box in the upper right corner of the 
regional map illustrates the island and the 500 m and 1000 m depth isobaths (lines connecting 
points of equal underwater depth). The red dot at the southwestern tip of the island shows 
the best location for an OTEC/Ocean Technology Ecopark. Caribbean Sea bathymetry data 
from GEBCO_08 grid. San Andres Island bathymetry from Colombian Navy Hydrographic 
Office (COL-1624 chart, January 1998). 
 
The potential for SWAC to meet some of the cooling demand of the island was also analyzed 
in a previous study of co-authors (Acevedo et al., 2014).  Air-conditioning of buildings was 
recognized as being the largest use of electrical energy in the island; over 30% of the total 
electricity consumption is currently used to power hotels’ air-conditioning for the, of which 
20% are concentrated in the hotels and commercial centers located on the northern part of 
the island.  Figure 2-4 presents the areas with a high demand of air conditioning and 
cooling systems in San Andres. The area A2 is deemed feasible for the implementation of a 
district cooling system based on SWAC technology.  A detailed assessment of the cooling 
demand on area A2, based on site visits, shows a concentrated cooling demand in the order 
of 15MWth which could be served by the installation of a deep seawater pipeline and a 
heat transfer station on the northwest coast of the island. The pipeline installed for such 
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system could serve as the source of DOW fora pilot OTEC of 100 kW. Finally, although 
the theoretical potential of other DOW uses in San Andres has not been studied in detail, 
activities such as mariculture, SWGH and cosmetic industries may have a potential market 
in the island, since most of food products are imported from mainland, and one of the main 




Figure 2-4 Areas with a high cooling demand in San Andres. (Acevedo et al., 2014) 
A1: Sarie Bay, Little Cliff, Red ground and Rock ground. A2: Airport, Nixon point, swamp ground 
sports, Rock Hole, swamps ground residential, Hell Gate, Spratt Bight and Punta Hansa. A3: Cliff urban 
limit garden, residential area, educational centrality, Nixon point, Multifunctional port area, swamp 
ground residential. A4: Irrigation district. A5: Irrigation district, suburban corridor. A6: Four corner, 
Tom Hooker, World biosphere reserve Cuenca del Cove, Cove and La Loma suburban corridor, 
agricultural zone suburban corridor El Cove. Color bar on the right indicates the bathymetry around 






The concept of an OTEP is proposed as a cluster of the different activities benefiting from 
the DOW resource available around San Andres. Activities within an OTEP make 
synergetic use of the ocean resource and in particular of the deep seawater for different 
purposes such as research or commercial and pre-commercial installations. In the case of 
San Andres, we have found a suitable location on the southwestern tip of the island (see 
Figure 2-3), with low population density and available land for commercial activities. 
The OTEP provides an opportunity to foster the diversification of the economy from the 
current tourism base. This diversification through the implementation of DOW research 
and industries goes beyond the implementation of energy-related systems such as SWAC 
and OTEC. It considers a business model as a platform for spin-off companies in the field 
of DOW commercial exploitation. The OTEP in San Andres could be a pioneer program 
in the Caribbean, given that the region does not have any installations that use deep 
seawater. 
 
2.4.2 Barriers and Roadmap  
The benefits of the installation of a deep seawater pipeline have been mentioned in the 
previous section. However, a number of barriers have to be overcome for its implementation. 
For identifying those barriers we followed several steps2: (i) scientific literature revision; (ii) 
legal and financial framework revision; (iii) interviews with local community and 
stakeholders; (iv) participative workshops; and (v) dissemination forums and conferences. 
The main barriers that we have identified are: 
a. Technology status: OTEC and other DOW technologies are still under development. 
No commercial installations exist so far, which constitutes a barrier given the lack of 
experience in the construction of plants. This barrier include aspects like public 
infrastructure (transmission lines, previous monitoring systems, among others), mature 
innovative ecosystem (e.g.: culture of technology base start-up’s) and skilled labor 
(workers must be trained to install, operate, and maintain new technologies). 
                                      
2 These activities were developed under the Project: Ocean Thermal Energy in San Andres. For details 
see (Acevedo et al., 2014). 
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b. Knowledge diffusion: this is an innovative project, and comparable facilities are not 
yet available in the Caribbean and are limited worldwide. There are still questions 
about the technology’s maturity and its impacts, not only for local communities but 
also for researchers. 
c. Utility regulation and RE incentives: water and energy are highly regulated and 
subsidized sectors. The OTEP proposal applies to a small-scale market in the island of 
San Andres that is already covered by exclusive concession agreements that provide 
monopoly positions to the water and energy utility companies. Thus, there is a need 
for cooperation with utilities and the government to facilitate the Ecopark’s 
participation in the market. Current incentives are not sufficient to enable such 
cooperation. Another important aspect on regulation is the lack of direct incentives to 
RE in the country. It was only in 2014 that other RE like marine, solar, geothermal, 
small hydro, and biomass were included in the Colombian policy (Congreso de la 
República de Colombia, 2014), through the Law 1715/2014. This law presents four 
indirect incentives for RE related to tax exemptions, and the possibility for self-
generators to sell their power surplus. However, no direct incentives have been 
established so far, such as feed-in tariffs or quota systems. 
d. Funding: The installation of a deep seawater pipeline would benefit multiple industries 
and its costs could be shared among them. However, the nature of the technology 
requires relatively high initial investment costs, which are expected to be sunk costs. 
There are difficulties to finance such sunk costs and, given the uncertainties, the 
payback is not clear. We argue that the project should be seen as R&D, where benefits 
should also consider the knowledge generated and potential further developments. With 
an initial focus on Science and Technology, a deep seawater pipeline deployed can 
enable the food, water and energy production technologies to provide answers to some 
of the pressing problems of San Andres. An initial 100 kW pilot plant can be used as 
a RE alternative to drive a seawater desalination process, and can provide a DOW 
flowrate enough for supporting the development of other activities.  
e. Existing industrial capacity: Limited industrial capacity is available in the island 
of San Andres. Closer cooperation with knowledge institutions and industrial partners 
from outside the island would be necessary. There are companies in Colombia that are 
able to contribute towards the execution of the OTEP project or that are able to 
establish a specific industry in the country. However, it should be noted that not all 





companies that can only partially fulfill the requirements that will have to work with 
foreign businesses or obtain new machinery. The Universidad Nacional de Colombia 
has a campus on the island, which could provide the scientific platform for the R&D 
component of the proposal. 
f. Commitment of local authorities: We have observed difficulties and different goals 
among local and national authorities. The political will and the commitment of local 
(and national) authorities is the key to the success of the project. 
g. Social attitude and environmental impacts: Society has concerns about 
harnessing ocean resources and possible adverse environmental effects. A properly 
executed project should be able to minimize environmental impacts. Such properly 
implemented projects can also have a positive impact on environmental concerns. Itis 
necessary that a plurality of people be in favor of using some amount of public funding 
to help developing those systems. In the case of San Andres, the main concerns are 
(Devis-Morales et al., 2014): 
 
- Typical effects of ocean industries: disturbances to the benthonic habitat (seabed) 
by cabling, pipelines and anchors; biological displacement and attraction due to the 
physical presence of industrial activity; potential degradation of the water quality 
as a result of industrial accidents like fuel, oil and lubricant spills during the 
installation phase. 
- Direct biological effects: potential damage to fish and other swimming animals 
(nekton) that swim into the pipe gratings; drifting plants and animals (plankton) 
may be physically damaged if trapped inside the pipes; plankton and nekton may 
be affected by discharges; all organisms could be disturbed by noise from the system 
operation, and subjected to toxicity from biocides and the accidental release of 
working fluid, lubricants and products derived from petroleum.  
- Direct effects on water quality: the level of the effects is not clear as there have not 
yet been enough studies on the topic. It is assumed that there may be changes in 
the chemistry of the water in the zone where it mixes with the discharge water. The 
concentration of carbon dioxide and nutrients could rise, and the pH and 
concentration of dissolved oxygen may decrease.  
- Indirect biological effects: increase in primary (phytoplankton) and secondary 
(zooplankton) productivity; changes in biological diversity and distribution such as 
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an increase in predators and a decrease in organisms that cannot resist the changes 
in oxygen and temperature etc. 
 
The park intends to be a holistic proposal that seeks to comprehensively solve multiple 
problems of the island by taking advantage of the DOW. It deals not only with power 
generation, but also with water purification and food security. Furthermore, the design of 
a proper business model may push the regional economy forward. The proposal involves a 
high degree of technological development, business model and local capacity-building. It is 
expected to strengthen entrepreneurship and the culture of innovation based on local 
resources, after the current barrier of commitment for authorities is overcome. The Island’s 
development plan aims an inclusive, sustainable development, based on entrepreneurship 
and R&D. Although the roadmap for an OTEP is aligned with the local and national 
development plans of the island, the differences among the multiple interests of stakeholders 
(public, private and community) constitute a major challenge. This vision considers the 
four stages presented in Figure 2-5. 
The preliminary stage (I) consists in the theoretical potential evaluation and selection of 
the most appropriate sites for the implementation of DOW technologies in the Department 
of San Andres. To date, this first phase has already been implemented. Several studies3 
carried out since 2010 showed the vast potential of the island of San Andres for the 
production of OTEC electricity, SWAC systems and the use of DOW resources (Acevedo 
et al., 2014). 
The feasibility stage consists of two phases (II and III). Phase II aims to develop technical 
and detailed environmental studies for the OTEP, considering social and environmental 
sustainability criteria of San Andres and Providence islands. This stage covers: in situ 
oceanographic data measurements, detailed bathymetry studies, complete environmental 
and social impact assessment, granting of environmental licenses, technical designs of basic 
infrastructure OTEC (with desalination) and SWAC, and dynamic evaluations of future 
impacts over the island’s development. This stage has an estimated duration of 12 months. 
                                      
3 These studies were carried out by Universidad Nacional de Colombia, the EIA (Escuela de Ingeniería 
de Antioquia) and the Dutch eco-development companies Bluerise and Greenvis. For details see (Acevedo 





As shown in Figure 2-5, the barriers to overcome in this stage are the commitment of 
authorities, knowledge diffusion, social attitude, and funding for the specific costs of this 
phase.  
The phase III aims to build the pipeline for DOW intake, and other necessary infrastructure 
for OTEC and SWAC operations, over an estimated period of 24 months. During this stage, 
technicians, professionals and researchers should be trained in innovation science and 
technological entrepreneurship. The main products of this stage are an oceanographic 
monitoring program, physical infrastructure, training programs, prototype business ideas, 
and entrepreneurship programs. It is necessary that authorities have greater ownership of 
the project at this stage. Moreover, the industrial capacity and knowledge diffusion gaps 
will be filled through the training programs. The main constraint at this stage, besides the 
lack of financial options, is the technology status and the lack of experience in plant 
construction.  
The consolidation stage (IV) seeks the development of an innovation and entrepreneurship 
ecosystem on the island, around the basic needs originally identified (energy, water, food 
security and revitalization of the economy). The consolidation stage is expected to take 
more than five years, and should look for four long-term aspects: industrial capacity, 
monitoring program, stakeholder engagement, and technological readiness. The engagement 
of authorities and stakeholders remains a priority, since they can formulate the proper 
policies and regulations for the development of new spin-off companies, the entry of the 
OTEP in the utilities market, and the funding of future R&D. Lastly, the industrial 
capacity can be fulfilled with the complementary expertise of international and national 
institutions that have taken part in the OTEP proposal.  
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Figure 2-5 Roadmap for the consolidation of an Ocean Technology Ecopark in 






2.5 Conclusions  
In this paper we presented the Ocean Technology Ecoparks (OTEP) as an integral solution 
for islands’ sustainability problems that involves a number of alternatives, where a 
combination of OTEC and alternative uses of DOW emerges as an alternative holistic 
solution to current problems in small islands. OTEC has evolved from a closed cycle that 
uses a secondary fluid for energy generation to a synergetic use of the DOW resources that 
can also produce freshwater. A desalination stage can be integrated to an OTEC plant by 
including a low temperature flash evaporator, a reverse osmosis stage or other low 
temperature desalination methods. A third DOW application is a centralized district 
cooling system (SWAC) that uses the cold DOW to provide air conditioning to a 
community. Finally, successful companies around the world have shown that SWAC and 
SWGH systems can operate both independently or in cascade with an OTEC plant. 
However, other DOW uses based on the nutrients extraction for aquaculture and cosmetics 
are still in a preliminary stage, and their feasibility has to be evaluated according to the 
potential market of their products. 
The Colombian island of San Andrés is ideal for the location of an OTEP. It meets all the 
technical conditions for an OTEC plant, as well as tackles different development challenges. 
We have applied the concept of an OTEP to San Andres, and identified six main barriers 
for its adoption in the island: knowledge diffusion, utility regulation, funding and costs, 
existing industrial capacities, the commitment of authorities, and environmental and social 
impacts. We proposed a four-stage roadmap for the development and consolidation of the 
OTEP. A preliminary stage includes studies for location, which have already been done for 
San Andres. Thereafter, two feasibility stages should allow the definition of the final designs 
of OTEC and SWAC, and its posterior installation on the island, and the development the 
required technical, professional and graduate capacities. Lastly, a consolidation stage should 
focus on the creation of spin-offs industries for other uses of DOW.   
We suggested different strategies to overcome barriers and foster the development of an 
OTEP. Firstly, the knowledge diffusion and the industrial capacity should be supported by 
education programs, where research centers and universities are responsible for raising 
awareness about the advantages and limitations of the technologies, and training the 
capabilities that the OTEP demands. Secondly, utilities regulation should be focused on 
incentive cooperation between existing and new companies, to facilitate the Ecopark’s 
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participation in the existing local system. Thirdly, high costs cannot limit the technological 
development. We argue that the project should be seen as R&D, where benefits should also 
consider knowledge and potential further developments.  
The main barrier is the commitment of authorities, which is mandatory for the success of 
the OTEP. The active engagement of local and national stakeholders is necessary for 
feasibility and consolidation stages. Only with their participation can the OTEP become a 
priority in the development plans of the island, in such a way that political guidelines can 
favor its adoption. In fact, a proper policy formulation requires an alignment between 
different institutions such as Government and local planning entities, local research centers, 
environmental authorities, and local communities. Such alignment is necessary given that 
the proposed OTEP requires a wider vision that articulates different sectors such as 
utilities, industry, environment, education, and R&D. The proposal is expected to be 
consistent with the sustainable development objectives of the island. We highlight that the 
development roadmap as a whole could also be adapted to other tropical islands. Moreover, 
Additional R&D incentives are necessary, and could be promoted by COLCIENCIAS 
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3. Estimating the practical potential of deep ocean 
water extraction in the Caribbean 
 
Abstract 
Deep ocean water (DOW) is a renewable alternative to the many sustainability challenges 
that the Caribbean faces today. DOW can be used to provide seawater air conditioning 
(SWAC) for buildings and greenhouses, provide electricity through an ocean thermal energy 
conversion plant (OTEC), and provide nutrients for aquaculture and cosmetic industries. 
Despite its many benefits, today the implementation of DOW technologies in the Caribbean 
is inexistent, and studies about DOW potential in the Caribbean are limited. This paper 
presents a methodology for estimating the practical potential of a city while considering 
constraints in ocean currents, temperature, and salinity. We applied the methodology to 
estimate the DOW potential of five cities in the Caribbean and found that the average is 
about 50 m3/s per city, enough to supply more than 100% of a city’s demand for air 
conditioning and 60% of its demand for electricity. We also estimated the monthly 
availability of DOW resource, with maximum extraction potentials between December to 
March, and minimum values between August to October. These estimations serve as input 
for future feasibility and design studies on DOW technologies in the Caribbean. Finally, 
given the vast potential that was found, we recommend including DOW technologies in 
sustainability and energy policy in the Caribbean. 
 
Keywords: Ocean Ecopark; Ocean Energy; Ocean Thermal Energy Conversion (OTEC); 
Seawater Air Conditioning (SWAC) 
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3.1 Introduction 
Caribbean islands currently face major challenges to attaining sustainable development. 
Most Caribbean islands are net energy importers, have vulnerable and inefficient energy 
systems, and are highly dependent on fossil-fuels (CDB, 2015). These energy issues are 
barriers to economic development. Deep ocean water (DOW) technologies are an alternative 
to not only supply energy, but also raw material for innovative industries that could support 
the economic development of the Caribbean (Osorio et al., 2016a). Given the novelty of 
these technologies, the potential for DOW extraction in the Caribbean is unknown. This 
paper presents a methodology for estimating practical DOW extraction potential and 
applies it to calculate the DOW extraction potential of five cities in the Caribbean.  
The ocean can provide many forms of energy, such as tidal, wave, thermal and osmotic 
energy (Khan et al., 2017; Melikoglu, 2018), which has a combined theoretical energy 
potential of more than 20,000 TWh/yr, enough to supply electricity to the entire planet 
(Khan et al., 2017). Despite its vast potential, ocean energies have had minor deployment 
compared to other renewables, accounting for less than 0.06% of the global renewable 
capacity (IRENA, 2018). Most ocean technologies are still in development or demonstration 
phases and several challenges must be overcome before they can advance on to commercial 
stages: information is lacking on ocean energy reliability, its levelized cost of energy (LCOE) 
is high compared to other renewables, and there is a lack of studies about realistic potential 
estimations (IRENA, 2014a; Mercure and Salas, 2012).   
DOW is the cold water located below the ocean’s surface layer (and below the thermocline). 
Its typical stable temperatures are about 5°C and it usually has higher concentrations of 





of DOW make it an exploitable resource with several applications. For instance, its low 
temperatures can power a cooling system, such as a seawater air conditioning (SWAC) 
district (Looney and Oney, 2007). It can also produce electricity and desalinized water 
using the temperature gradient with surface water through ocean thermal energy conversion 
(OTEC) (Nihous and Gauthier, 2012). DOW nutrients can also serve as resources for 
mariculture (Yoza et al., 2010), cosmetic and pharmaceutical industries, and seawater 
greenhouses, among others. In A previous study, Osorio et al. (2016) proposed that ocean 
science and technology Ecoparks should be established in the Caribbean for the research 
and development (R&D) of DOW technologies. An Ecopark could contribute to an island’s 
sustainable development by providing renewable energy alternatives, technologies for 
improving food security, and by providing R&D support for nutrient-based industries.  
In order to materialize the Ecoparks concept in the Caribbean, the Caribbean’s practical 
potential must be quantified. Previous studies have focused on estimating theoretical OTEC 
potential, only taking the temperature gradient between DOW and surface waters into 
consideration (Fujita et al., 2012), and studies on practical DOW extraction potential  
throughout the world are unknown to our knowledge. Experience has shown that less than 
5% of the world’s theoretical ocean potential is located in feasible areas (Alvarez-Silva et 
al., 2016; Esteban and Leary, 2012). Studies on practical potential are needed in order to 
continue developing the technology of renewable energy (de Vries et al., 2007). 
Furthermore, there are only two studies  that are available to the public about practical 
DOW potential in the Caribbean (CAF and Makai, 2015; Devis-Morales et al., 2014), but 
these exclude natural limitations such as water resources, temperature and salinity 
alterations.  
This paper presents a methodology for estimating practical DOW potential and calculates 
the average potential of five cities in the Caribbean. Section 2 provides an overview of 
thermal energy and DOW potential, sections 3 and 4 explain the proposed methodology 
and provide the results on the five Caribbean cities, and conclusions are discussed in section 
5. 
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3.2 Background of ocean thermal energy and DOW potential  
Renewable energy potential can be classified as: theoretical, geographical, technical,  or 
economic (de Vries et al., 2007). Theoretical potential is the maximum energy flux that can 
be extracted from a renewable resource; geographical potential is the energy flux that can 
be extracted from suitable areas, excluding areas that do not meet minimum requirements;4 
technical potential is the geographical potential after conversion losses, site-specific 
restrictions and environmental constraints; and economic potential is the technical potential 
that is cost competitive compared to a locally relevant alternative (de Vries et al., 2007; 
Moriarty and Honnery, 2012).  
The theoretical potential of a renewable energy source is the starting point for a potential 
assessment, but it is not practical for decision-making and planning (de Vries et al., 2007). 
Geographical, environmental, social and economic restrictions can significantly decrease 
theoretical potential, even by two orders of magnitude (Moriarty and Honnery, 2016); 
therefore, rather than theoretical values, these reduced and realistic potentials should be 
considered for renewable energy planning. Several studies have evaluated the technical and 
limited potential for different renewables such as solar, wind, and tidal energy (see e.g. (de 
Castro et al., 2013; Evans et al., 2015; Hoogwijk et al., 2004). However, studies on ocean 
energy are mostly focused on theoretical potential (Mercure and Salas, 2012), with some 
developments made on tidal energy (Esteban and Leary, 2012) and salinity gradient energy 
(Alvarez-Silva et al., 2016; Osorio et al., 2016b).  
Studies on DOW systems have focused on global OTEC theoretical potential and market 
assessments. In regards to the theoretical potential, Vega (2010) states that a potential 
location for OTEC should meet the following conditions: (i) the thermal gradient of its first 
kilometer of water should be greater than 20°C all year round; (ii) it should have a steep 
bathymetry; (iii) there should be dependence on fossil fuels for the energy supply; and (iv) 
the availability of other forms of energy should be low. Under such conditions, existing 
studies have identified tropical waters as potential regions (Rajagopalan and Nihous, 2013), 
with a global theoretical potential of about 12 – 15 TW (5 TW in the Atlantic ocean) and 
including 98 countries and territories (IRENA, 2014c), 38 of which are located in the 
                                      
4 E.g. minimum wind speed for wind energy, minimum radiation for solar energy, and minimum thermal 





Americas. Almost all these nations are located in the Caribbean, except for Brazil, French 
Guiana, Guyana and Suriname.  
In regards to market assessments, Vega (2012, 2010) classified market potential into small 
islands development states (SIDS) that need power and fresh water and could implement 
plants with capacities between 1 – 20 MW; and mainland industrialized countries that need 
large power plants. The Development Bank of Latin America (CAF) prioritized ten cities 
that meet market and socioeconomic conditions for SWAC and OTEC in the Caribbean, 
such as high energy and air conditioning demand, high energy prices, and locations near a 
DOW source (CAF, 2015). In a parallel study that is currently under development, we 
classified all the islands in the Caribbean into three clusters with respect to their market 
potential: high, medium and low (See chapter 5 of this thesis).  
Studies about the realistic or practical potential5 of DOW applications in the Caribbean 
are limited; to our knowledge, there are only two studies available to the public that have 
evaluated DOW or OTEC resources in the Caribbean. Devis-Morales et al. (2014) evaluated 
Colombia’s ocean thermal resources and found the island of San Andres to be the most 
suitable place for them. They also studied variations in the energy that a 10 MW OTEC 
plant would provide considering annual variations in the thermal gradient of San Andres, 
assuming flow rates for both cold and warm water were constant. CAF and Makai Ocean 
Engineering Inc. (2015) presented a pre-feasibility assessment and the conceptual designs 
for two SWAC systems, one in Montego Bay, Jamaica, and the other in Puerto Plata in 
the Dominican Republic.  
While studies about practical ocean potential have increased in recent years, they have 
mostly focused on mature ocean technologies such as tidal energy (Esteban and Leary, 
2012), and salinity gradient energy (Alvarez-Silva et al., 2016; Osorio et al., 2016b). These 
studies have found that less than 5% of their theoretical potential are located in suitable 
areas. Research on practical –and more realistic– potential is one of the main barriers to 
improving the design of DOW technologies, and to achieving a competitive LCOE at larger 
scales (IRENA, 2014a). This study was motivated by the need to have estimations of 
practical potential, not only for OTEC but for all DOW technologies.  
                                      
5 “Practical potential” can be defined as the maximum extractable resource, considering the geographical 
and environmental constraints identified in section 3.  
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3.3 A methodology for estimating DOW practical potential 
As previously described, most studies on DOW and OTEC potential have been focused on 
the availability of a thermal gradient and the maximum OTEC power that can be obtained 
from this gradient. Since the intention of Ocean Ecoparks is to implement different DOW 
technologies (Osorio et al., 2016a), this study proposes a methodology for estimating the 
DOW practical potential of the maximum water flows that can be extracted from –and 
returned to– the ocean, based on mass and energy balances, taking factors such as the 
market, technology and the environment into account. First, we assumed that the resource 
is what determines the theoretical DOW potential, which in this case, is the ocean water. 
Second, we considered three constraints in order to determine the limits of extraction 
potential:  
(i) Market and socioeconomic conditions: The Caribbean’s potential is limited to cities 
that best meet the characteristics for DOW applications. Here, we considered the 
cities prioritized by CAF (2015). 
(ii) Technology conditions: In following the Ecoparks Concept (Osorio et al., 2016a), the 
Caribbean’s potential depends on the different intended uses of DOW. This study 
assumes the main uses to be a SWAC district and an OTEC plant for each site, given 
that the DOW flow requirements of these two technologies are higher than other 
DOW technologies. Moreover, a fraction of water must return to the ocean after 
utilization, and the parameters of the return current also influence the maximum 
DOW flow to be extracted. 
(iii)  Social and environmental conditions: One of the main concerns related to ocean 
energy is the potential environmental impact on ocean ecosystems and human 
activities (IRENA, 2014a). Social and environmental conditions have been identified 
as one of the main limitations to renewable energy around the world (de Vries et al., 
2007), and the Caribbean is not an exception (Ince et al., 2016). Since these conditions 
are site-specific, and because this study aims to develop a general methodology, this 
study considers that intake and discharge activities should not be located in protected 
areas. It also considers that intake and discharge flows should only minimally alter 
the ocean’s natural conditions of temperature, currents, and salinity, both on the 






3.3.1 Delimiting and modeling the system 
Figure 3-1 shows a system where cold water flow is pumped from deep water for several 
uses, such as SWAC and OTEC, and warm water is also pumped from the surface in order 
for OTEC to operate. After using both the cold and warm water, it is returned to the 
ocean’s surface in a unified discharge flow. Both the extraction and discharge flows change 
the water’s temperature, salinity and ocean currents; the aim is to minimize this. We 
defined a control volume for the cold water intake (deep control volume) and a control 
volume for the warm water intake and discharge (surface control volume). These volumes 
are assumed to be constant and to have stirred tank conditions.6 After these volumes were 
determined, we developed the mass and energy balances for each volume in order to 
calculate maximum cold water and warm water flows, subject to the previously described 
constraints.  
 
Deep control volume 
The deep control volume represents the deep water located around the DOW intake, a 
depth of about 800 – 1000 m with temperatures typically at about 5°C. The control volume 
is determined by an influence area (Δ𝑋 Δ𝑌 ) and an influence height (ℎ ). The tank has 
two inflows (𝑄  and 𝑄 ) that correspond to the eastward and northward currents (𝑈  
and 𝑈  respectively) and two outflows. The first outflow is the cold water intake (𝑄 ), 
and the second is the combined flow that corresponds to the remaining currents7 (𝑄 ). 
The density of all four flows is assumed to be the same; and therefore, the mass balance in 
the constant deep control volume is determined by equations (3.1) and (3.2). Since water 
is not discharged into the deep control volume, the dynamics of extracting DOW do not 
affect the temperature and salinity of the tank (equation 3). The temperature and salinity 
                                      
6 Stirred tank conditions are assumed given that the influence areas considered in this study are less than 
1km2 and that the available data has a spatial resolution of 1/12° (~8.75km).  
7 𝑄  includes the flow of both eastward and northward currents, modified after the extraction of the 
DOW. Both currents are considered as one flow since this variable is not relevant for the purpose of this 
research and because the extraction flow is expected to be too small to change the direction of the 
currents. The same assumption has been applied to 𝑄 . 
58 Adoption of deep ocean water technologies and their contribution to sustainable 
development in the Caribbean 
 
of the four flows are therefore equal to deep ocean conditions (𝑇  and 𝑆 ) and could only 
vary naturally with seasonality and other normal ocean variations.  
 
 𝑄 + 𝑄 =  𝑄 + 𝑄   (3.1) 
 𝑄 = 𝑈 Δ𝑌 ℎ  ;  𝑄 = 𝑈 Δ𝑋 ℎ  (3.2) 












Surface control volume  
We considered a surface control volume, which was determined by a surface influence area 
(Δ𝑋 Δ𝑌 ) and surface height, in this case, equivalent to the mixed layer height (ℎ )8. Three 
inflows influence this volume: eastward surface currents, northward surface currents (𝑄  
and 𝑄 ) and the discharge flow (𝑄 ). The two outflows are warm water intake (𝑄 ) and, 
similar to the deep control volume, the flow (𝑄 ) corresponding to the remaining eastward 
and northward surface currents.7 All flows are assumed to have the same density as the 
mixed layer, given that the expected variations in temperature and salinity in the surface 
control volume are not enough to cause a significant change in density. The total mass 
balance is therefore determined by equations (3.4) and (3.5).  
 
 𝑄 + 𝑄 + 𝑄 =  𝑄 + 𝑄   (3.4) 
 𝑄 = 𝑈 Δ𝑌 ℎ      , 𝑄 = 𝑈 Δ𝑋 ℎ  (3.5) 
Variations in salinity were observed with the salinity balance of equation (3.6a), where 
changes in the salinity of the surface control volume (𝑆 ) over time depends on the salinity 
of incoming surface currents (𝑆 ) and on the salinity of the discharge (𝑆 ). Because stirred 
tank conditions are assumed to be present, both outflows have the same salinity as the 
surface control volume (𝑆 ). Under steady state conditions, i.e., when the Ecopark reaches 
a continuous operation state, changes in surface salinity over time are expected to be 
negligible ( = 0), as shown in equation (3.6).   
 
 𝑉 = 𝑆 𝑄 + 𝑄 + 𝑆 𝑄 − 𝑆 (𝑄 + 𝑄 )  (3.6a) 
 𝑆 =  (3.6) 
 
Similar to salinity, an energy balance was used to estimate changes in the surface 
temperature (𝑇 ). Since volume and pressure were assumed to be constant, the system’s 
                                      
8 The mixed layer is the upper portion of the ocean where air-sea exchanges generate turbulence, causing 
the water to mix and become vertically uniform in temperature, salinity and density (J. Sprintall, 2009).  
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energy will vary only depending on the enthalpy of the flows (equation 3.7). Under constant 
volume conditions, enthalpy9 depends on the water heat capacity and the difference between 
the system’s temperature and a reference point. By assuming that surface temperature (𝑇 ) 
is a reference for enthalpy and that the density and heat capacity of all currents are 
approximately the same, the expression for determining temperature variation is presented 
in equation (3.8a). Finally, under steady state conditions, the temperature of the surface 
control volume is determined by equation (3.8). 
 
 = 𝜌 𝑄 + 𝑄 𝐻 + 𝜌 𝑄 𝐻 − 𝜌 𝑄 + 𝑄 𝐻  (3.7) 
𝑉 − = (𝑇 − 𝑇 ) − 𝑄 + 𝑄 (𝑇 − 𝑇 ) (3.8a) 
𝑇 =
( )
(𝑇 − 𝑇 ) + 𝑇  (3.8) 
 
Water uses 
Last, the parameters of the discharge flow depend on the use of both cold and warm water. 
The two extracted currents are assumed to mix into one discharge flow after utilization 
(equation 3.9). Both cold and warm currents could be used for other applications; therefore, 
return factors were included (𝑓  and 𝑓 ) to indicate the amounts of cold water and warm 
water, respectively, to be discharged back into the ocean. Since the use of warm water is 
only being considered for OTEC, this flow is assumed as a dependent variable of the cold 
water, according to the 𝛾 design parameter which is typically between 1.5–2 (Nihous, 2007), 
as represented in equation (3.10). Finally, the salinity of the discharge (𝑆 ) will depend on 
the two fractions to be returned (equation 3.11).  
 
 𝑄 = 𝑓 𝑄 + 𝑓 𝑄  (3.9) 
 𝑄 = 𝛾𝑄  (3.10) 
                                      
9 Enthalpy is a thermodynamic measure of the total heat content of a system, and is equal to the internal 





 𝑆 = (𝑓 𝑄 𝑆 + 𝑓 𝑄 𝑆 ) (3.11) 
 
The cold DOW water return temperature (𝑇 , ) is assumed to be between 12–15 °C (CAF 
and Makai, 2015), higher than the intake temperature (usually about 5°C); and the salinity 
of the deep currents (𝑆 ) is also assumed to be the same, since neither SWAC nor OTEC 
affect the salinity of the cold current. The temperature of the warm current is expected to 
be lower than the ocean temperature after it is used for OTEC. Therefore, after a steady 
state energy balance, the temperature of the discharge current can be calculated as shown 
in equation (3.12). 
 
 𝑇 = 𝑇 , − 𝑇 , + 𝑇 ,  (3.12) 
We used Nihous’ (2007) expression (equation 3.13) to estimate OTEC potential. This 
equation calculates net OTEC power through 𝑄 , 𝛾, the ocean temperature gradient (Δ𝑇 =
𝑇 − 𝑇 ), the efficiency of the generator (𝜀 ), deep water pumping loses, and pipeline 
losses. These last two depend on the design temperature gradient (Δ𝑇 ), rather than 




Δ𝑇 − 0.18Δ𝑇 − 0.12
.
Δ𝑇  (3.13) 
 
Additional constraints 
As mentioned before, in this study, we defined DOW potential as the maximum cold DOW 
flow (𝑄 ) that can be extracted from the ocean. If deep and surface currents have been 
identified, as well as their temperatures and salinities, cold water flow can be calculated 
using the previous equations, while accounting for the following constraints.  
First, the magnitude of the remaining currents after both warm and cold water extraction 
should be greater or equal to the minimum currents that the system can support. The 
remaining current was calculated as a ratio between the remaining outflows and the 
respective cross-sectional area. To simplify this, the dimensions of Δ𝑋 and Δ𝑌 were assumed 
to be equal, therefore, only Δ𝑋 and the height of the volume were used to calculate the 
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area. Since data reports minimum currents in two directions (x and y), the minimum total 
current can be estimated as the magnitude of the resulting vector, as shown in the right 
side of equations (3.14) and (3.15).  
 
 ≥ 𝑈 ,   +  𝑈 ,  (3.14) 
 ≥ 𝑈 ,   +  𝑈 ,  (3.15) 
 
Second, the variations in temperature and salinity of the surface control volume should be 
lower than the natural, historical variations (Δ𝑇  and Δ𝑆  in equations 3.16 and 3.17), 
assuming that these are the maximum changes that the ecosystems can support.  
 
 |𝑇 − 𝑇 | ≤ Δ𝑇  (3.16) 
 |𝑆 − 𝑆 | ≤ Δ𝑆  (3.17) 
 
3.3.2 Estimation methodology  
Figure 3-2 presents the flow diagram for the proposed methodology of the DOW potential 
estimation. This methodology starts by first identifying a city that has market potential 
and the necessary technical conditions such as: high energy and air conditioning 
consumption, an acceptable level of energy prices, its location and distance must have 
access to a DOW source, and it must have a steep bathymetry. We performed steps 1 







Figure 3-2 Methodology for DOW potential estimation 
 
First, based on information about the temperature profile, we identified the depth at which 
the desired temperature (~ 5°C) is reached, which is typically around 1,000 m. Then, with 
the bathymetric profiles, we selected the coordinates for cold water intake, in order to reach 
the desired temperature at a distance that was close to the shoreline, both for the warm 
water intake and discharge. In order to keep the intake and discharge at an allowable 
distance, our recommendation is to check if there are protected and vulnerable areas or 
activities prohibitions.  
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In the second step, we used the available historical information on temperature, salinity 
and ocean currents for both the surface and deep points. According to the available data, 
we selected the time resolution for the analysis was defined in order to capture seasonal 
variations from throughout the year, as this can affect the availability of cold water. We 
performed a monthly analysis for this study, followed by tests on the sensitivity of results 
with daily variations; however, this time resolution will be affected by the availability of 
data.  
In the third step, for each timespan of the analysis, we selected the constraint parameters 
for the estimation of the DOW flow. We identified ocean currents for both surface and deep 
control volumes. With these currents and the control volume parameters, we defined the 
inflows in the system (𝑄 , 𝑄 , 𝑄 , 𝑄 ) and minimum historical currents (𝑈 , , 𝑈 , , 
𝑈 , , 𝑈 ,  ). We used historical data to identify average temperature and salinity as 
well as the maximum deviations from these averages that the system had supported in the 
past (Δ𝑇  and Δ𝑆 ). 
The discharge parameters in step four depend on the uses of both DOW and warm water. 
In this study, we used the parameters mentioned in the previous section, assuming two 
applications for them: SWAC and OTEC. In step five, the dimensions of the control 
volumes must be defined before performing a potential estimation. Here we recommend 
selecting the maximum values based on the mixed layer height, the distance to the shore, 
and the distance to protected areas. 
The model described in the previous section has 13 unknown variables to estimate and 16 
equations (12 steady state balances and four constraints). Therefore, we used an 
optimization method in step six to solve the nonlinear problem: Maximize 𝑄  subject to 
equations (3.1) through (3.12) (excluding 3.6a and 3.8a), and constraints (3.14) to (3.17).10 
We performed The optimization for each timespan selected; therefore, the maximum 
potential will vary throughout the year (e.g., monthly), according to seasonality. After 
finding the DOW potential and its inter-annual variations, we performed a sensitivity 
analysis on time resolution, control volume dimensions, and intake and discharge 
parameters. If the available data allows, sensitivity to coordinates can also be tested.  
                                      






Finally, this model also allows the dynamic behavior of the system to be tested by 
simulating the temperature changes and salinity in the surface with dynamic equations 
(3.6a) and (3.8a), and by using historically available data and estimated DOW flows as 
perturbations to the system. This analysis helps observe whether the system can support 
continuous DOW extraction and how the system would respond under extreme events, such 
as cero currents, cold currents, or a sudden loss in demand, etc. 
 
3.3.3 Reference case and sensitivity analysis  
Accounting for the parameters in Table 3-1, we established a generic reference casein order 
to test the robustness of the model and to identify its most sensitive parameters. We 
performed the nonlinear optimization of the model developed in the previous section using 
the interior-point method with the “fmincon” default function in Matlab 2014b.  
Table 3-2 shows the results for the reference case with a DOW extraction potential of 41.5 
m3/s. Such potential could supply a cooling SWAC district of 280 kton of refrigeration, and 
an OTEC plant of 18 MW. In this case, the remaining ocean currents, both surface and 
deep, are higher than the restriction values, which indicates that water availability is not 
a limitation. Similarly, the salinity of the surface remains within allowed limits, indicating 
that the changes in salinity are not a limitation. The dominant constraint, in this case, is 
the variation in temperature, since the discharge temperature is lower than the ocean’s 
surface temperature. Under a steady state operation, the temperature of the surface control 
volume would decrease from 28°C to 27.2°C, reaching the minimum allowed temperature. 
If the DOW flow were to increase to over 41.5 m3/s, then the discharge flow would also 
increase, and the surface temperature would decrease below natural limits. 
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Deep water parameters 
Influence area (Δ𝑋  Δ𝑌 ) Ha 1 
Influence height (ℎ ) m 100 
Total average inflows (𝑄 + 𝑄 ) m3/s 400 
Total minimum historical current 𝑈 ,   +  𝑈 ,  
m/s 0.009 
Salinity (𝑆 ) Kg/m3 34.8 
Temperature (𝑇 ) °C 5 
Surface water parameters 
Influence area (Δ𝑋  Δ𝑌 ) Ha 1 
Mixed layer height (ℎ ) m 40 
Total average inflows (𝑄 + 𝑄 ) m3/s 960 
Total minimum historical current 𝑈 ,   +  𝑈 ,  
m/s 0.03 
Salinity (𝑆 ) kg/m3 35.75 
Temperature (𝑇 ) °C 28 
Salinity variation (Δ𝑆 ) kg/m3 0.4 
Temperature variation (Δ𝑇 ) °C 0.8 
Water use parameters 
Warm water return fraction (𝑓 )  1 
Temperature of cold water return (𝑇 , ) °C 12 
DOW return fraction (𝑓 )  1 
 
 
Table 3-2 DOW constraint results for the reference case 
Variable Units Value Constraint interval 
DOW potential m3/s 41.5  
Remaining deep current m/s 0.03 ≥ 0.009 
Remaining surface current m/s 0.25 ≥0.03 
Salinity in surface control volume kg/m3 35.71 [35.35 – 36.15] 
Temperature in surface control volume °C 27.2 [27.2 – 28.8] 
 





Table 3-3 presents the tested intervals for the parameters with the highest sensitivity and 
the changes observed in the DOW potential of the reference case. In all the tested cases, 
the dominant constraint was the limit in the surface temperature. The model proved to be 
insensitive to changes in deep and surface salinity, and deep temperatures. Moreover, the 
results are affected by the deep currents only if the velocities have a value close to zero, 
since relatively small currents (<0.005 m/s) can still provide enough water flow, depending 
on the size of the control volumes. On the other hand, an increase in the surface currents 
would allow a faster diffusion of the cold discharge flow and therefore would reduce the 
effect on the surface temperature. The variations considered in the surface currents can 
therefore change the DOW potential to about ±70%, in comparison to the reference case.  
The surface influence area was one of the parameters with the greatest impact on the 
results. The surface control volume is directly proportional to the influence area; therefore, 
if the area increases, the volume also increases, assuming the height is constant. If the 
volume increases, the effect of the discharge on both temperature and salinity decreases, 
since there is more water to diffuse the discharge’s cold plume. For larger areas, the DOW 
potential therefore increases as shown in Appendix A. The selection of the influence area is 
then crucial to identifying the feasible potential. In this study we select a minimum area of 
1 Ha, guarantying that, in any case, the influence area will remain smaller than the spatial 
data resolution and that it will be separated from protected areas.  
Finally, the results also proved to be sensitive to the water use parameters, as shown in 
Appendix A. As expected, if the DOW return fraction decreases, the potential will increase, 
since the discharge flow depends on the DOW return flow. Moreover, if the discharge 
temperature increases, the effect on the surface temperature will be smaller, and therefore, 
more water could be extracted without exceeding the allowed temperature limits. 
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Variation in DOW 
extraction potential 
m3/s % 
Surface water parameters     
Salinity kg/m3 35.2 – 36.8 41.5 (0%) 
Temperature °C 26 – 30 37 – 46 (±10%) 
Total average inflows (𝑄 + 𝑄 ) m3/s 400 – 1600 17 – 70 (-60% +67%) 
Influence area Ha 0.01 – 25 4 – 207 (-90% +400%) 
Mixed layer height  m 20 – 80 34 – 102 (-60% +20%) 
Water use parameters     
DOW return fraction  1 – 0 41.5 – 230 (+460%) 
DOW return temperature °C 8 – 15 34 – 53 (-18% +28%) 
 
3.4 Application cases in the Caribbean  
This section first presents the 8-step methodology explained in the previous section with a 
case study from the Caribbean. We selected Montego Bay in Jamaica given that it has 
been prioritized by CAF (2015). Additional information from previous studies can also be 
used as input to validate the methodology’s results (E.g., CAF and Makai, 2015). we then 
applied the methodology to four other prioritized cities in the Caribbean from three market 
potential clusters,11 and we focused on the results where we focus on the results in order to 
avoid repetition explaining the step-by-step process.  
 
3.4.1 Data treatment  
We used the temperature, salinity and current velocities time series from the high-resolution 
Global Analysis and Forecasting System, version 3-release 1 (GPSY4V3R1), developed by 
Mercator Ocean and available on the Copernicus Marine Environmental Monitoring Service 
site (CMEMS, 2018). This data is updated daily and has a horizontal resolution of 1/12° 
                                      






and 50 vertical depth levels ranging from 0 to 5,500 meters. Data is available for download 
upon request, with a daily and monthly resolution from 26-12-2006 to date.  
We cross-checked Data from Mercator Ocean GPSY4V3R1 with the General Bathymetric 
Charts of the Oceans (GEBCO-2014) embedded in the NOAA Bathymetric Data Viewer 
(NOAA, 2018). This helped identify the coordinates and distance to the shoreline at which 
the desired temperatures are reached. With this information, we identified the coordinates 
for water intake and discharge. Additionally, we verified the distance of both intake and 
discharge flows to protected areas or vulnerable ecosystems with the Caribbean Marine 
Protected Areas database (CaMPAM, 2010), the World Commission on Protected Areas 
database (WCPA, 2018) and the Google Earth Ocean Inventory. 
 
3.4.2 Montego Bay 
Figure 3-3 shows the average temperature profile of the sea around Montego Bay. From 
this, we identified that the depth for water intake should be about 1,000 m, where the 
temperature reaches 5°C. The figure shows that the mixed layer height varies between 20 
– 80 m during the year; therefore, the warm water intake should be located in the first 20 
m to guarantee stability for the temperature and the salinity.  
The velocity profiles in Figure 3-4 show that ocean currents reach stable values at about 
20 m deep; which is why we selected 20 m as the intake depth. We used The bathymetry 
charts from GEBCO to identify the coordinates of the cold water intake (77°55'8''W; 
18°35'56''N) and the warm water intake and discharge (77°54'25''W; 18°31'33''N), as shown 
in Figure 3-5. We also verified that the intake and discharge coordinates meet the 
restrictions of the protected area, the Montego Bay Marine Park and Fishing Sanctuary.  
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Figure 3-3 Temperature profile around Montego Bay12 
Data: Mercator Ocean GPSY4V3R1 (CMEMS, 2018) 
 
 
Figure 3-4 Monthly average profiles of total currents in Montego Bay13  
Data: Mercator Ocean GPSY4V3R1 (CMEMS, 2018) 
                                      
12 The average temperature for a month m, in a depth of z was calculated using the data from 2007 to 
2017, reported in the MERCATOR database as: 𝑇 (𝑧) = ∑ , ( ), where 𝑇 , (𝑧) is the monthly 
temperature reported by the MERCATOR database in the month m, in a given year.    
13 Mercator Ocean database reports the monthly eastward and northward velocities in a depth of z. The 
average in a month m for each direction was calculated as: 𝑢 , (𝑧) =
∑ , , ( ), 𝑢 , (𝑧) =







Figure 3-5 Selection of intake and discharge coordinates for Montego Bay 
Data: GEBCO-14, WCPA, 2018 and Google Earth Ocean Inventory 
 
Figure 3-6 shows the input information for estimating the potential in Montego Bay. We 
used The daily historical values of temperature, salinity and current velocities reported in 
MERCATOR. Given that we performed a monthly analysis, we calculated the average, 
maximum and minimum values for each month from the daily average data. The maximum 
and minimum currents help estimate the maximum and minimum extraction potential of 
DOW. We used the limits in temperature and salinity variations as constraints in equations 
(3.15) and (3.16). For example, in March, the temperature of the surface control volume 
can vary between 26.5 – 27.7°C (Δ𝑇 = 1.2°𝐶), the salinity can vary between 35.5 – 36.5 
g/l 1 g/l (Δ𝑆 = 1𝑔/𝑙).  
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Figure 3-6 Input data for DOW potential estimation in Montego Bay  
Data: Mercator Ocean GPSY4V3R1 (CMEMS, 2018) 
 
Figure 3-7 shows the results of the DOW potential estimation for Montego Bay. We found 
that its potential has high interannual variability. From December to March Montego Bay 
has an average extraction potential of about 80 – 100 m3/s; however, the high variability 
in currents and surface temperature during these months could increase its potential to up 





and November is 15-40m3/s, but its variation interval is narrower since temperature and 
currents are more stable during these months. As was determined by the sensitivity analysis 
in section 2, the main limitation, in this case, is the restriction on maximum allowed 
temperature variations; for each month, the temperature of the surface control volume 
reaches the minimum allowed temperature, while salinity remains almost unaltered (see 
Figure 3-8). From April to November, the mixed layer reaches its lowest values. The 
potential during these months could increase if the discharge was located in colder waters, 
i.e. below the mixed layer. From Figure 3-7, we calculated a total annual average potential 
of 48 m3/s, which can supply a 21 MW OTEC plant and a 326 kton SWAC cooling district. 
This SWAC potential could supply the entire city since the air conditioning demand today 
is estimated at about 7.4 ktons (CAF, 2015) 
 
 
Figure 3-7 Montego Bay DOW and OTEC potential  
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Figure 3-8 Temperature and salinity of surface volume in steady-state operation  
 
Finally, we used the average values to estimate the monthly availability of DOW and 
OTEC. Accounting for monthly variations, estimations for monthly availability are shown 
in Figure 3-9. This availability indicates that in October and November the Ecopark 
should reduce the DOW extraction flow to below 15 m3/s to reduce environmental effects, 
which in turn will reduce maximum OTEC and SWAC power to 7 MW and 88 ktons, 
respectively. In contrast, during months such as January and August, the Ecopark could 
increase the flow up to 50 m3/s without affecting the ocean’s natural conditions. This 
resource availability constitutes a design parameter to consider in the planning of the 
Ecopark operations, and it is also comparable with the capacity factor for electric plants. 
Additionally, it is an indicator of the environmental restrictions that are a necessary part 
of renewable energy planning (Moriarty and Honnery, 2016). 
The resource availabilities for DOW and OTEC are similar; however, they differ in some 
months given the differences in temperature gradients. For example, in July, the DOW 
extraction system could only operate at 60% of its average capacity given the limitations 
in the ocean’s currents, but the OTEC plant could operate at 72% of its capacity because 







Figure 3-9 Resource availability for Montego Bay 
 
3.4.3 Other cities in the Caribbean  
Table 3-4 presents the results of DOW potential estimation for five cities in the Caribbean. 
The cities with the largest market potential14 (Montego Bay, Puerto Plata, and San Andres) 
were found to have lower ocean potential compared to other cities, enough for OTEC 
capacities of between 15 – 20 MW. Resource availability for Puerto Plata and San Andres 
showed to have lower variability than Montego Bay, with minimum availabilities of about 
47%. These results on average potential are consistent with earlier studies (CAF and Makai, 
2015; Devis-Morales et al., 2014). As a complement to these studies, extractable water flow 
was found to be variable throughout the year; this information on monthly resource 
availability is new and will contribute to future DOW projects in these islands.  
Barbados, located in the low market potential cluster,10 has an extraction potential larger 
than Montego Bay, Puerto Plata, and San Andres, but it has the largest variability of all 
the cities evaluated. This variability does not pose a limitation for SWAC; however, it is a 
crucial issue to the evaluation of economic feasibility for OTEC since a 19MW plant would 
have to operate at less than 50% of its capacity for five months a year. 
                                      
14 According to CAF (2015) and the multidimensional scaling analysis presented in Chapter 5 of this 
thesis.  
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Willemstad, located in the medium market potential cluster,10 proved to have the largest 
extraction potential, more than double the average of other islands. Although it has the 
lowest availability of all the cities (15% during October), this minimum value could supply 
air conditioning for the entire island and produce 10 MW of OTEC power.  
Previous studies about thermal potential in the Caribbean suggested there was a theoretical 
potential of about 5 TW (Rajagopalan and Nihous, 2013), with the temperature gradient 
considered as the main input. We developed a methodology to include other components, 
such as water availability and minimum environmental constraints in temperature, salinity 
and influence area, and with alterations in temperature as the dominant constraint. Studies 
about practical potential for other forms of renewable energy highlight that instead of this 
potential being considered as constant parameter, it should be considered as a value that 
varies with site-specific environmental conditions (Moriarty and Honnery, 2016). Consistent 
with this, this study found that practical DOW potential may differ between cities in the 
Caribbean and that its interannual variability is significant.  
The five cities evaluated here demonstrated having a total potential of 300 m3/s, equivalent 
to 2,000 kton of SWAC and 120 MW of OTEC. From December to March, extraction flows 
can reach about 170% of the average flow, only minorly affecting temperature and salinity. 
This availability decreases to 80% from April to July and falls below 50% from August to 
November. Even in months with the lower availability, SWAC systems could supply more 
than 100% of the air conditioning demand in each city. The 120 MW of OTEC can supply 
more than 1,000 GWh of energy per year, enough to meet about 60% of the annual demand 
in these five cities. Except for Willemstad, which proved to have a higher potential, these 
results are consistent with the recommended order-of-magnitude of OTEC plants for small 






Table 3-4 DOW extraction potential and monthly availability in the Caribbean 
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3.5 Discussion and conclusions 
DOW technologies are still in the preliminary stages of developing their technology; one of 
the main limitations to reaching commercial stages is the lack of information about the 
realistic DOW potential of the ocean (Mercure and Salas, 2012). Most studies have focused 
only on theoretical OTEC potential as the maximum energy that can be extracted from 
the thermal gradient between deep and surface ocean water. This paper develops a general 
methodology for estimating practical DOW potential as the maximum water flow that can 
be extracted, accounting for constraints in the influence area, available currents, and in 
variations in temperature and salinity. We developed a model for an Ecopark operating 
with SWAC and OTEC. The resulting model has the flexibility to include other DOW uses, 
such as seawater greenhouses and mariculture, as well as account for site-specific 
environmental constraints.  
The model developed here proved to be insensitive to changes in deep and surface salinity 
and in deep temperatures; the variation in surface temperature was found to be the 
dominant constraint. The DOW extraction potential is inverse to the difference between 
the discharge temperature and surface temperature. Future and ongoing DOW projects and 
studies should pay special attention to temperature alterations. For example, in order to 
improve potential estimations, future work should consider conducting a spatial simulation 
of the discharge plume and evaluating optimal discharge depth to maximize the extraction 
potential. For instance, if the cold discharge is located below the mixed layer, the impact 
on the ocean’s natural conditions could be lower, which would allow for a larger DOW 
extraction. 
We applied this methodology to five cities in the Caribbean: Bridgetown (Barbados), 
Montego Bay (Jamaica), Puerto Plata (The Dominican Republic), San Andres (Colombia) 
and Willemstad (Curacao). Although the practical potential for OTEC was found  to be 
low compared to the Caribbean’s theoretical potential (about 5 TW) (Rajagopalan and 
Nihous, 2013), it could provide about 60% of the demand for electricity in each city. In 
addition, the potential for SWAC could supply 100% of the air conditioning demand, not 
only for one city but for all the five islands. 
These average values and the monthly availability of DOW potential constitute new 
valuable information for the financial and technical evaluations of DOW projects in the 





limits is critical to evaluating environmental impacts and to designing a proper operation 
of Ecoparks under extreme events. These results contribute to reducing the gap between 
ocean energy and other renewable energy since estimations of practical potential as well as 
reliability indicators are necessary parts of achieving mature technology (IRENA, 2014a; 
Mercure and Salas, 2012). 
The main concerns of DOW uses are related to its environmental impacts (Boehlert and 
Gill, 2010; Lilley et al., 2015), which have also been one of the main potential limitations 
for other renewable energies. For industrial-scale OTEC and SWAC, the main impacts are 
related to nutrients and thermal pollution caused by water exchange, hydrodynamic 
alterations, and fish impingement and entrainment (Hammar et al., 2017). The constraints 
considered in this study address the first two impacts by limiting the variations of 
temperature and salinity, and by limiting water extraction to the minimum ocean currents 
supported by the system. However, additional site-specific environmental studies are a 
necessary complement to this study. For example, equations (14) to (17) could be expanded 
to include site-specific constraints. Future work should also expand this model to include 
cumulative effects on ecosystems, since high and permanent perturbations in salinity, 
temperature or nutrients can damage the surface ecosystem, or introduce new species (e. g. 
algae contamination) (Liu et al., 2013; Yoon and Park, 2011). 
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4.1 Appendix 3-A: Sensitivity analysis  
 
 
Figure 3-A.1 Sensitivity of DOW potential to surface influence area 
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4. Understanding the Adoption of Seawater Air 




Seawater Air Conditioning (SWAC) is a sustainable alternative for tropical islands. Despite 
its potential, adoption has been limited throughout the world. There is a need to understand 
SWAC adoption potential in the Caribbean and to identify the actions and policies that 
could favor its diffusion. We develop a system dynamics simulation model for SWAC 
adoption, and use it to simulate scenarios and incentives for SWAC in Jamaica. We found 
that SWAC adoption is mainly limited by the threshold capacity necessary for the first 
installation. To achieve full adoption by 2050, governments and investors should finance 
100% of the first pipeline before 2020.  




This chapter was published as:  
Arias-Gaviria, J., Larsen, E.R., Arango-Aramburo, S., 2018. Understanding the future of 
Seawater Air Conditioning in the Caribbean: A simulation approach. Utilities Policy 53, 
73–83. https://doi.org/10.1016/J.JUP.2018.06.008 
Results of this chapter were discussed in:  
Arias-Gaviria, J., Larsen, E.R., Arango-Aramburo, S. Modeling the adoption of Seawater 
Air Conditioning in the Caribbean. 24th International Sustainable Development Research 
Society Conference. Messina, Italy, July 13-15, 2018.   
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4.1 Introduction  
Over the past two decades there has been growing pressure to reduce emissions and the use 
of fossil fuels, particularly for generating electricity. This has led to an increase in the use 
of renewable energy sources, especially wind and photovoltaic, thereby mitigating climate 
change. The ocean is the largest energy reservoir and offers alternative methods for power 
generation such as tidal, thermal gradient, saline gradient and wave energy (Pelc and 
Fujita, 2002). Nevertheless, ocean renewable energy technologies still play a minor role in 
the global energy mix, with only 530 MW installed out of a total global capacity of about 
5600 TW (IRENA, 2014a). While many of these technologies are still not fully 
commercialized, they have great potential to contribute to the future energy mix without 
contributing to global warming. They also provide new ways of substituting electricity or 
at least significantly reducing consumption in certain circumstances. The model developed 
and discussed here demonstrates that under the right conditions, the use of seawater for 
air conditioning (AC) can be advantageous.  
In 2010 global energy consumption for cooling was 1.25 PWh, which was 9.6% of total 
global energy consumption; 35% of this was consumed in the Americas (Santamouris, 2016). 
Consumption is significantly higher in tropical countries where cooling is often used year-
round. In Townsville, Australia, cooling accounts for 28% of electricity demand in the 
residential sector (Ren et al., 2013), while in Hong Kong this figure is 23%  in the residential 
sector and 26% in the commercial sector. This is equivalent to 15.8% of the city’s total 
electricity consumption (Jim, 2015). In the Caribbean, AC can account for up to 40% of 
the electricity demand of the hotel industry (CTO, 2016) and 16% of total electricity 
consumption on a given island.  
Climate change, population growth and economic growth are the main drivers of AC 
demand. Global AC demand is therefore expected to increase by 35% in the residential 
sector and 67% in the commercial sector by 2050 (Santamouris, 2016). AC could increase 
the effect of heat islands in cities and increase temperatures by up to 1°C, which in turn 
increases the demand for cooling (Salamanca et al., 2014). 
This paper is organized as follows. We begin by providing an overview of Seawater Air 
Conditioning technology, followed by a review of several energy diffusion models to 
illustrate how renewable energy technologies spread. We then develop a simulation model 





the effects of different policies on the adoption of the technology. Finally, we discuss the 
results and the contribution made by the paper.  
 
4.2 Seawater air conditioning (SWAC)  
The traditional AC systems used in buildings in the Caribbean range from single mini-split 
systems (to provide AC for rooms) to variable refrigerant flow systems (centralized AC for 
entire buildings). Although there are differences in cost and efficiency, all systems use the 
same main principle to operate (see Figure 4-1): a compressor unit compresses refrigerant 
gas into liquid in a process that releases energy into the environment. The liquid then 
passes through an expansion valve that causes it to evaporate into a cold low-pressure gas. 
This cold gas is used to chill fresh water, or the air directly, before completing the cycle by 
passing through the compressor again (Chua et al., 2013). This cycle has negative impacts 
on the environment, mainly due to refrigerant leaks (ozone depleting substances), thermal 
pollution through the release of hot air and high electricity consumption to compress the 
gas. On top of this, in the Caribbean 95% of this electricity comes from fossil fuels (IRENA, 
2012).  
SWAC systems, or Seawater District Cooling systems, are a renewable energy technology 
that uses cold deep ocean water (DOW) for cooling cities or communities near a DOW 
source.  SWAC requires three main components15: a pumping system, a cooling station 
facility to cool freshwater, and a heat exchanger in the final user location, be it a building 
or district (see Figure 4-1). These elements operate in an open cycle, where cold water is 
pumped from its source (sea or lake) into the cooling station. At the station, DOW is used 
to chill freshwater through heat exchangers. The cold freshwater can then be distributed 
to the final users and cool the air in the building through another heat exchanger. The 
process finishes either with the return of the seawater to the ocean or its use for other 
applications. 
 
                                      
15 Some applications may require a hybrid system between SWAC and other systems (Makai Ocean 
Engineering Inc., 2011). 
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Figure 4-1 Comparison of the main components of traditional AC and SWAC 
 Based on (CAF & Makai, 2015) 
 
SWAC has several advantages when compared to traditional AC. Firstly, SWAC districts 
could save up to 90% of the energy used in a traditional system with the same capacity 
(Looney and Oney, 2007). Some studies estimate that AC accounts for approximately 50% 
of the peak installed capacity in tropical cities (Chua et al., 2013; Edwards et al., 2012), 
but this capacity is only reached during the hottest hours of the day. SWAC 
implementation could therefore be of benefit to local electricity grids by flattening the 
demand curve (Chua et al., 2013). Secondly, SWAC also reduces the GHG emissions 
responsible for climate change, eliminates the environmental impacts of heat release and 
removes the risk of refrigerant leaks (Makai, 2011). Finally, SWAC systems can have lower 
operational costs and a lower levelized cost of energy (LCOE) compared to traditional 
systems, given that most operational costs of traditional AC result from electricity 
consumption (Looney and Oney, 2007).  
It is expected that SWAC could be a better alternative to traditional AC in some cases, 
both environmentally and economically; however, its application remains limited. Large-
scale plants (>3000 tons) using lake water currently operate in Toronto, New York, 
Amsterdam and Stockholm, to name a few. The use of seawater is limited to small-scale 
operations (pilots or single-building plants under 300 tons) in Hawaii, Japan and Korea, 





et al., 2016). The major challenges for SWAC are the high investment costs compared to 
traditional AC (Looney and Oney, 2007) and a lack of knowledge regarding environmental 
impacts on ocean ecosystems (Lilley et al., 2015).   
 
4.3 Diffusion models for energy policy 
The diffusion of new products or technologies is usually modeled as a logistic curve with an 
S-shaped behavioral pattern (Sterman, 2000). This has been applied to the introduction of 
new products in a market, from toothpaste to energy technologies (Arias-Gaviria et al., 
2017). This S-shaped behavior represents the cumulative capacity of the adopted technology 
and explains how the adoption rate is slow in the initial stages and then increases until the 
market is saturated and adoption ceases (Rao and Kishore, 2010). Bass (1969) proposed 
the first diffusion model where the adoption rate was a function of two coefficients, one 
representing the innovative adopters and the other representing the imitators. The model 
was later generalized to include costs and profitability of the technology as factors 
influencing the decision to adopt (Bass, 2004).  
Methodologies used in modeling the adoption of renewable energy have evolved from 
econometric estimations in the early 2000s to system dynamics (SD) and agent-based 
models (ABM). Some examples include Masini and Frankl (2002), who used an econometric 
estimation of a logistic model to evaluate different policies for the diffusion of solar PV in 
Europe. Similarly, Lund (2006) and Söderholm and Klaassen (2007) estimate logistic 
functions for analyzing the diffusion of different RE technologies in the same region. Purohit 
and Kandpal (2005) also use econometric estimations for performing a cross model analysis 
of five diffusion models (Bass, Gompertz, logistic and Pearl) applied to the adoption of RE 
for water pumping in India. In a more recent study with econometric estimations, Popp et 
al. (2011) evaluate patents for wind, solar, geothermal and biomass in OECD countries as 
a knowledge bank for technology penetration. System dynamics applications for RE 
diffusion include evaluation of incentives for wind energy worldwide (Alishahi et al., 2012), 
RE from different sources in Colombia (Arias-Gaviria et al., 2018; Cardenas, Franco, & 
Dyner, 2016; Zuluaga & Dyner, 2007), distributed generation in Colombia (Carvajal et al., 
2011), biomass in Greece (Toka et al., 2014) and others. ABM have been used more recently 
and to a greater extent in the diffusion of RE for several applications. Some studies consider 
a consumer choice model to be a basic theory and apply it to competition among micro-
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cogeneration technologies in the Netherlands (Faber et al., 2010), plug hybrid vehicles 
(Eppstein et al., 2011), dynamic electricity tariff adoption (Kowalska-Pyzalska, et al., 
2014), renewable heating systems (Sopha et al., 2013) and rooftop solar PV adoption 
(Murakami, 2014; Palmer et al., 2015).  
On the topic of socio-environmental system modeling, the literature unanimously affirms 
that the choice of the modeling methodology initially depends on the research problem and 
the purpose of the model (see, for example, Davis et al., 2007; Kelly [Letcher] et al., 2013; 
Pidd, 2004; Sterman, 2000). Thinking, decision-making or soft modeling tools (such as DS 
or ABM) are preferred when the research problem involves human behavior, a lack of 
knowledge of the system, a lack of data and has no analytical solution (Pidd, 1999), and 
when the purpose of the model is to learn and understand rather than predict (Kelly 
[Letcher] et al., 2013).  
In sum, diffusion models have been widely applied to RE for three main purposes: policy 
evaluation, describing and understanding behavior, and prediction. The selection of the 
modeling approach depends on the purpose of the study, yet the models still conserve the 
basic structure of a logistic or Bass model. Despite already vast and growing literature, 
studies focus mainly on co-generation, solar and wind energy, while studies on ocean energy 
remain limited.   
SWAC is a new technology that has been tested only as a pilot and data on its adoption 
in the Caribbean and around the world is nonexistent. In this study, we propose a soft 
modeling tool (SD) to develop a simulation model with the aim of understanding the process 
of SWAC adoption on Caribbean islands and identifying the policies that accelerate or slow 
the adoption process. SD facilitates the identification of causality in the systems, as well as 
the incorporation of complexity into the modeling, such as non-linearity and delays. The 
model creates a big picture of the system without getting lost in the details. ABMs provide 
more detailed information about the heterogeneity of actors and agents, which is not 






4.4 Modeling SWAC adoption 
This section presents the simulation model representing the dynamics involved in SWAC 
adoption on an island. The model has three main components (sub-models): DOW supply, 
demand for SWAC systems and technology acceptance, as shown in Figure 4-2. All three 
components are framed within the regulatory and economic conditions of the island. In this 
model we differentiate between people who are aware of the technology (acceptance) and 
people who actually adopt the technology (installed capacity)16.  
The DOW supply sub-model represents the utility companies (both public and private) 
that could make use of deep water potential by supplying a new cold water service to users. 
The “demand for SWAC” component models the user’s decision to adopt a SWAC system. 
These users are mostly hotels and tourism infrastructure but could also include airports, 
hospitals, and other public institutions. The decision is influenced by the availability of 
DOW supply infrastructure, technology acceptance as modeled in the third component and 
other factors. The “acceptance” sub-model depends on word of mouth (based on the Bass 
diffusion model). Causal loop diagrams are used in the following sections to explain the 
model of each component in detail. 
 
                                      
16 Struben & Sterman (2008) proposed a similar approach for modeling the adoption of alternative fuel 
vehicles, differentiating between the willingness to consider converting and actual adoption/conversion. 
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Figure 4-2 Block diagram on the SWAC adoption model.  
 
4.4.1 Deep ocean water (DOW) supply  
Figure 4-3 presents the causal loop diagram17 for DOW supply dynamics with three 
reinforcing loops (R1, R2 and R3) that impact the expansion of DOW supply capacity, and 
two balancing loops that limit expansion (B1 and B2). R1 describes how installed DOW 
capacity can lead to an increase in expected demand as a result of service availability for 
new users. The greater the expected demand, the more new capacity will be required and 
as such new infrastructure must be installed. In addition, greater expected demand means 
DOW supply business income and profitability is expected to increase, which drives the 
installation of new DOW supply infrastructure (R2). R3 describes how profitability can 
increase due to a reduction in unit costs for economies of scale (EoS) and as a result of 
learning by doing (LBD). The two balancing loops show how capacity expansion is limited 
                                      
17 In the causal loop diagram, the arrow linking any two variables, x and y, indicates that a causal 
relationship exists between x and y. The sign at the head of each arrow denotes the nature of the 





by the available potential on the island (B1) and by maximum demand (B2). For the latter, 
when all potential demand is met, no more capacity expansion will be needed. 
 
 
Figure 4-3 Causal loop diagram for the dynamics of DOW supply capacity.  
 
Equations (4.1) to (4.12) model the component described above, which includes three state 
variables: available potential of DOW, DOW capacity under construction, and DOW 
installed capacity. The available potential of DOW (𝑃  ) is the maximum water flow in 
m3/s that can be extracted from the ocean in a specific place (island or city), and it is 
exhausted by the expansion of the DOW supply capacity (𝑒 ) (eq. 4.1). The initial and 
maximum extraction potential (𝑃 (0)) depends on technical conditions on the island 
(temperatures, salinity, ocean currents and bathymetry).  
 
 ( ) = −𝑒  (4.1) 
The capacity under construction (𝐶𝐶 ) increases with the expansion of capacity and 
decreases with a construction rate (𝑐 ) representing the construction delay (see eq. 4.2 
and 4.3). 𝑡𝑐  is the average construction time for the DOW supply system.   
 
  ( ) = 𝑒 − 𝑐  (4.2) 
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 𝑐 = (𝐶𝐶 𝑡𝑐⁄ ) (4.3) 
 
DOW installed capacity (𝐼𝐶 ) represents the water flow (in m3/s) that is available for 
supplying SWAC systems, and increases with the construction rate (𝑐 ) (eq. 4.4). We 
exclude the scrapping of capacity since the lifetime of DOW infrastructure is longer than 
the timeframe studied. 
 
 ( ) = 𝑐  (4.4) 
 
Expansion of DOW capacity is limited by two decision rules, as shown in equation (4.5). 
First, the profitability of the technology (𝑟 ) must be greater or equal to the desired 
profitability for an investment (𝑟 ). Second, the first installation of DOW requires a 
minimum threshold capacity (𝐶̅), defined by the technical restrictions of pipelines and other 
equipment (Bluerise, 2011). Following the first installation, expansion will depend on the 
new required DOW capacity (𝑁𝐶 ) and available potential.  
 
 𝑒 =
0 𝑖𝑓 𝑟 < 𝑟
0 𝑖𝑓 𝑟 ≥ 𝑟 , (𝐶𝐶 +  𝐼𝐶 ) = 0 , 𝑁𝐶 (𝑡) < 𝐶̅
min(𝑃 ; 𝑁𝐶 ) 𝑖𝑓 𝑟 ≥ 𝑟 , (𝐶𝐶 +  𝐼𝐶 ) > 0  
 (4.5) 
 
Expected profitability (𝑟 ) is a dimensionless variable that measures the ratio between 
the expected incomes for the DOW supply service and the total expected costs (eq. 4.6). 
The expected incomes (in USD/yr) is the supply price (𝑝 , in USD/kWh) multiplied 
by the equivalent expected demand for SWAC (𝐸𝐷  in kW) in a year of operation (8640 
hr/yr) and a utilization factor (𝑢, in %) (eq. 4.7).  
 
  𝑟 =  (4.6) 






Capital costs (CAPEX, in USD/yr) are equal to the total investment cost (𝑐 ) annualized 
with the average discount rate (𝑗) during an expected payback time (𝑚) (eq. 4.8). We 
assume that the total investment cost will experience a learning-by-doing phenomenon, as 
has been observed for different renewable energy technologies (Ferioli et al., 2009; Jamasb 
and Köhler, 2007). The total investment cost during a given time (𝑐 , in USD) depends 
on the total expected demand (𝐸𝐷 ) multiplied by a reference cost (𝑐 , in USD/ton) 
and a learning factor. The learning factor depends on the current installed capacity (𝐼𝐶 ), 
a reference capacity (𝐼𝐶 ) and a learning rate (𝐿𝑅) (eq. 4.9).  
 𝐶𝐴𝑃𝐸𝑋 = ∗
( )
 (4.8) 
 𝑐 = 𝐸𝐷 ∗ 𝑐 ∗  (4.9) 
 
We also assume that the expected operational costs (OPEX, in USD/yr) are affected by 
economies of scale (Stigler, 1958). The OPEX at a given time (𝑂𝑃𝐸𝑋 ) are the product 
of the total expected demand (𝐸𝐷 ), a reference operational cost (𝑐  in USD/ton/yr) 
and the scale factor. The scale factor depends on the total capacity to be operated (also 
equivalent to 𝐸𝐷 ), the reference capacity (𝐼𝐶 ) and the elasticity of economies of scale 
(𝜆) (eq. 4.10). 
 𝑂𝑃𝐸𝑋 = 𝐸𝐷 ∗ 𝑐 ∗  (4.10) 
 
The new required capacity (𝑁𝐶 ) is the difference between the expected demand for 
DOW (𝐸𝐷 ) and current existing DOW capacity (both installed and under construction) 
(Eq. 4.11). The expected demand for DOW (in m3/s) depends on all expected SWAC 
capacity (intended, under construction and installed–see details in the next section). Since 
SWAC capacity is measured in tons of refrigeration, we calculate the demand in m3/s 
multiplying by a conversion factor (𝑓) (eq. 4.12). 𝑓 depends on the efficiency of the 
technology and specific seawater temperature conditions. 
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 𝑁𝐶 = 𝐸𝐷 − (𝐼𝐶 + 𝐶𝐶 ) (4.11) 
 𝐸𝐷 = (𝐼 + 𝐶𝐶 + 𝐼𝐶 ) ∗ 𝑓 (4.12) 
 
4.4.2 Demand for and acceptance of SWAC systems 
The dynamics of SWAC adoption has two main reinforcing loops (R4 and R5) and one 
balancing loop (B3), as shown in Figure 4-4. As previously mentioned, an increase in 
SWAC adoption is expected when technology acceptance increases. This adoption rate 
increases capacity with intention to install SWAC that will become installed capacity 
following a period of construction. The more users with the intention to install and with 
installed capacity, the greater the acceptance of the technology (R4 and R5). Capacity with 
intention to install SWAC increases the expected demand for DOW, and therefore DOW 
capacity (as explained in the previous section in loop R1). Finally, balancing loop B3 limits 
the growth of SWAC capacity given that the potential demand is finite and is shared with 
traditional AC systems.  
 
 






The demand for AC component has five state variables: new potential demand, capacity 
with intention to install SWAC, SWAC capacity under construction, SWAC installed 
capacity and traditional AC installed capacity. The dynamic behavior of these variables is 
represented by equations (4.13) to (4.26).  
New potential demand for AC (𝑁𝐷 ) measures the tons of refrigeration requiring 
installation. This increases with the growth of demand for AC (𝑔 ) and the scrapping of 
traditional AC capacity that must be replaced (𝑠 ), and decreases with the decision to 
adopt a new AC system, whether it be traditional AC (𝑎 ) or SWAC (𝑎 ) (eq. 4.13). 
We calculate the annual growth of demand for AC as the product of total AC capacity and 
the growth rate of the tourism industry (𝛾) (eq. 4.14)18. 
 
 ( ) = 𝑔 + 𝑠 − 𝑎 − 𝑎  (4.13) 
 𝑔 = 𝛾 ∗ (𝐼𝐶 + 𝐼𝐶 ) (4.14) 
 
The SWAC adoption rate (𝑎 ) is the product of the new potential demand and the 
likelihood of adopting a SWAC system (𝐿 ), divided by a decision adjustment time (𝑡𝑑, 
1 year assumed). The likelihood of adopting traditional AC is equivalent to (1 − 𝐿 ) (see 
eq. 4.15 and 4.16). 
 
  𝑎 = ∗  (4.15) 
 𝑎 = ∗( ) (4.16) 
 
The likelihood of adopting SWAC is a dimensionless variable, calculated as a product of 
its attractiveness (𝛼 ) compared to traditional AC and the acceptance of the technology 
                                      
18 There are other drivers to AC demand, for instance the residential growth in urban areas due to climate 
change. However, we considered only the tourism growth rate –the main economic activity in the 
Caribbean– given that the SWAC potential market are the commercial buildings and it is normally 
considered as a proxy for demand growth.  
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𝐴  (eq. 4.17). Attractiveness is calculated with a consumer’s choice multinomial logit 
model (McFadden, 2001) with two options—traditional AC and SWAC—and four equally 
weighted attributes—investment costs, equivalent annual costs, lifetime and greenhouse gas 
emissions. 
 
 𝐿 = 𝛼 ∗ 𝐴  (4.17) 
 
The capacity with intention to install a SWAC system (𝐼 , in tons of refrigeration) 
increases with the adoption of SWAC technology and decreases with installation (𝑖𝑛 ) 
(when possible) and with a desertion rate (𝑑 ) (eq. 4.18). The SWAC capacity cannot 
be installed if the DOW supply capacity is not ready, but users (most of them hotels) 
cannot wait too long to install the system as some users may change their decision and 
desert in favor of traditional systems (𝑑 ) after a waiting time 𝑡𝑤 (eq. 4.19).  
 
 ( ) = 𝑎 − 𝑖𝑛 − 𝑑  (4.18) 
  𝑑 =  𝐼 𝑡𝑤⁄  (4.19) 
 
The SWAC installation rate (𝑖𝑛 ) is the minimum value between the capacity with 
intention to install and the available capacity for new users (𝐴𝑣𝐶 ), divided by a decision 
time (𝑡𝑑, 1 year assumed) (eq. 4.20). 
 
 𝑖𝑛 = (  ; )  (4.20) 
 
The available capacity for new users (𝐴𝑣𝐶 , in tons of refrigeration) is the difference 
between the installed DOW capacity (divided by the conversion factor from m3/s to tons) 






  𝐴𝑣𝐶 = − (𝐶𝐶 + 𝐼𝐶 ) (4.21) 
 
SWAC capacity under construction (𝐶𝐶 , in tons) is a stock that represents the 
construction delay (eq. 4.22). It increases when installation begins (𝑖𝑛 ), and decreases 
with the construction rate (𝑐 , when the construction is finished). The construction rate 
represents the delay in the average construction time of a SWAC system (𝑡𝑐 ) (eq. 4.23). 
 
 ( ) = 𝑖𝑛 − 𝑐   (4.22) 
  𝑐 = 𝐶𝐶 𝑡𝑐⁄  (4.23) 
 
SWAC installed capacity (𝐼𝐶 ) increases with construction (eq. 4.24). We exclude the 
scrapping of SWAC capacity since the lifetime is too long in relation to the timeframe and 
the lifetime of traditional AC. 
 
 ( ) = 𝑐   (4.24) 
 
Installed capacity of traditional AC (𝐼𝐶 ) increases with the adoption of a traditional 
system (𝑎 ) and the rate of desertion from SWAC (𝑑 ), and decreases with scrapping 
(𝑠 ) (eq. 4.25). Contrary to SWAC, traditional systems can be installed almost 
immediately, since the technology is mature and does not depend on supply capacity. Thus, 
a state variable with traditional AC capacity under construction is not necessary. However, 
we consider the scrapping of traditional AC with an average lifetime (𝑡𝑙 ), since 
replacement of a traditional system may occur several times during the simulated period 
(eq. 4.26). 
 
 ( ) = 𝑎 + 𝑑 − 𝑠  (4.25) 
 𝑠 (𝑡) =  𝐼𝐶 (𝑡) 𝑡𝑙⁄  (4.26) 
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Finally, based on the Bass structure (Bass, 1969), the SWAC acceptance model has two 
dimensionless state variables (eq. 4.27). The acceptance stock (𝐴 ) represents the 
percentage of all potential users that are aware of the technology but have not necessarily 
adopted it; this increases with the new acceptance rate (𝑛𝑎 ). We model the new 
acceptance rate with a Bass equation that depends on the acceptance stock (𝐴 ), the 
maximum acceptance (𝑀𝐴 , with an initial value 𝑀𝐴 (0)=1), an external influences 
factor (𝐹 ) and an internal influences or word of mouth factor (𝐹 ) (eq. 4.28). In this case, 
𝐹  is calculated as the percentage of users that have already adopted the technology (SWAC 
intended, under construction and installed capacity). 
 
 ( ) = − ( ) = 𝑛𝑎   (4.27) 
  𝑛𝑎 = 𝑀𝐴 ∗ 𝐹 + 𝐹  (4.28) 
 𝐹 =  (4.29) 
 
4.4.3 Calibration of the model: The Jamaican case study 
We selected Jamaica as a case study to illustrate model functionality and understand the 
basic dynamics of SWAC adoption. Jamaica was selected because it is one of the countries 
with the largest potential for SWAC and other DOW uses, from both a technical and a 
market perspective (CAF, 2015; CAF & Makai, 2015), and it has three potential cities with 
high AC demand and a nearby DOW source: Montego Bay, Ocho Rios and Kingston. 
Additionally, Jamaica has one of the most competitive economies in the Caribbean (WEF, 
2014), a factor that encourages new business based on innovative technologies. The country 
also has high electricity prices, making SWAC cost competitive compared to traditional 




















We assumed a potential of 10 
m3/s for each potential city, 
based on preliminary 
estimations  
𝐶̅  Threshold capacity 
(tons) 
1700 1500–2000 Minimum capacity required 
for the first installation, based 
on current technical and 
economic restrictions 
(Bluerise, 2011) 
𝑢  Utilization factor 
(%) 
65% 55%–75% Percentage of hours of 
operation per year 
𝑐   Investment costs of 
reference 
(MUSD/ton) 
0.015 0.014–0.022 Estimation based on data from 
(CAF & Makai, 2015) 








6%–18% Average value for the tourism 
industry in the Caribbean 
(CDB, 2017) 𝑟   Desired profitability  1.15 1.1–1.25 
𝑚  Payback period for 
the investment (yr) 
10  Typically expected 
𝜆  Elasticity of 
economies of scale 
0.64 0.5–0.7 Estimated from costs reported 
by (CAF & Makai, 2015) 
𝐿𝑅  Learning rate (%) 10% 5%–12% Typical interval for ocean 
renewable energies (OES, 
2015) 




35000 +30% Estimations from CAF (2015) 
correspond to a minimum 
value which includes only the 
largest hotels in each city  
                                      
19 All state variables not mentioned in this table have an initial value of zero because Jamaica did not 
have any DOW/SWAC infrastructure installed or under construction at the time of the study. 
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𝛾  Growth rate for new 
AC demand (%/yr) 
3% 2–3.5 % Expected growth rate for 
tourism in Caribbean 
countries (CDB, 2017) 
𝑡𝑤  Waiting time before 
desertion (yr) 
3 2–5 Typical time for designing the 
building 
𝐴 (0)  Initial acceptance 0.08 ±2% Assumed based on existing 
studies, cooperation 
agreements and projects under 
development20 
𝐹   Bass external 
influence parameter 
0.005 0.001–0.01 Typical values observed for 
renewables (Massiani and 
Gohs, 2015) 
 
4.4.4 Verification and validation of the model  
Verification and validation are fundamental stages in the use of models. The verification 
process is a routine task aimed at minimizing errors in the implementation of the 
computational model. For the verification of our model, we ensured that every equation 
was properly implemented in the computational software when constructing the model, 
when each component was finished (DOW supply, SWAC demand and acceptance) and 
when all components were integrated. In addition, the Powersim Studio software 
automatically verifies the proper implementation of the equations, checks unit consistency 
and facilitates the testing of different integration methods to identify and correct numerical 
errors.  
The validation process is a more complex task that seeks to build confidence in the model’s 
outputs. This task should be performed according to the purpose of the model (Kleijnen, 
1995; Sargent, 2011). Rather than predict, the purpose of this model is to capture the main 
patterns of SWAC adoption dynamics in the Caribbean, considering the driving forces that 
could either accelerate or slow adoption and providing a tool for policymaking. We therefore 
use a soft modeling tool (SD) and the validation of the model should be consistent with 
                                      





this methodology. According to Barlas (1996), SD model validation should focus first on 
the structure of the model and then on behavior.  
Following Barlas' methodology (1996) we performed two validation tests on the structure 
of the model, taking into account that some model verification tests are also used to test 
the structure of the model. First, we performed a direct structure test by ensuring that all 
causal relationships were justified by a known theory (e.g. Bass Diffusion Model [Bass, 
1969], learning curves [Arrow, 1962], economies of scale [Stigler, 1958], among others) and 
by information from technology experts and previous studies (e.g. CAF, 2015; CAF & 
Makai, 2015; Osorio et al., 2016, among others). Second, we checked for dimensional 
consistency of all equations of the model, both manually and with the Powersim Studio 10 
unit consistency tool.  
We also performed a partial simulation test during construction of each of the three main 
model components to test the structure of the model independently before integration. We 
then tested the behavior of the model under extreme conditions including state variables 
with an initial value of zero versus infinite values21. Finally, we performed a sensitivity 
analysis on all parameters of the model. We observed that results are insensitive to the 
available DOW potential since the estimations suggest maximum intake flows of around 10 
m3/s per city; even under the most optimistic adoption scenarios, only 20% of this potential 
would be used. We also observed that seven parameters affect the profitability of SWAC, 
but not the adoption rate; these are learning rate, desired profitability, elasticity of 
economies of scale, initial investment and operational costs, utilization factor and discount 
rate. The combined sensitivity analysis for these parameters is shown in Figure 4-5a. Five 
parameters can affect adoption rates but not profitability and costs; these are initial 
acceptance, threshold capacity, waiting time before desertion, annual growth rate for the 
tourism industry and potential demand for AC. The combined sensitivity analysis for these 
parameters is shown in Figure 4-5b. 
For behavior validation, we first checked that the model behaves according to the dynamic 
pattern stated in the hypothesis. We therefore expect S-shaped growth caused by a 
reinforcing loop that drives the system up and balancing loops that bring the system 
                                      
21 We simulate “infinite” values by assuming initial conditions of 100 times the real value.  
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towards goal-seeking behavior, as well as cycles in the installation rates expected from 
construction delays.  
Based on the verification and validation tests as well as the sensitivity analysis, we conclude 
that the model is appropriate for our analysis, that its behavior is robust and consistent 
with the dynamic hypothesis presented in the causal loop diagrams and that the model is 







Figure 4-5 Sensitivity analysis results for (a) parameters that affect profitability and (b) 
parameters that affect the adoption rate 
































































4.5 Simulation of scenarios and policy incentives  
 
4.5.1 Scenarios for SWAC in Jamaica  
The simulation of three scenarios for SWAC adoption in Jamaica is presented here. 
- The base case scenario considers the average values of the parameters in Table 4-1 
and assumes expected business-as-usual (BAU) development in the country.  
- The optimist scenario considers the most favorable conditions for the adoption of the 
technology. From a macro-economic perspective, an optimist scenario for the 
technology implies a high growth rate in demand for AC and high desired profitability; 
according to Table 4-1 we use 3.5% and 1.25, respectively. Innovation in the technical 
aspects of the technology can be represented by a low threshold capacity (1500 tons) 
and a high learning rate (15%). With proper operation and management, the maximum 
utilization factor (75%) and maximum returns of economies of scale (0.7) are expected. 
Finally, a proper business strategy for DOW services should keep all convinced users 
interested in the technology and minimize desertion; we therefore use the maximum 
value for waiting time for desertion from Table 4-1.  
- The pessimist scenario considers unfavorable economic conditions with low demand 
growth (2%) and low desired profitability (1.1); slow progress in the innovation of the 
technology, represented by a high threshold capacity of 2000 tons and a learning rate 
of only 5%; unfavorable conditions for the operation of the technology, with a 
utilization factor of 55% and elasticity of economies of scale of 0.5; and a poor business 
strategy translating into rapid desertion of convinced users (waiting time of only 2 
years).  
 
Figure 4-6 presents the simulation results for the three scenarios for SWAC adoption in 
Jamaica up to 2050. As expected, the results show an S-shaped curve for the acceptance of 
the technology. In the BAU scenario, acceptance reaches 0.79 by 2050 and ranges from 0.4 
to 1.0 under the pessimist and optimist scenarios, respectively.  
As acceptance increases, more users are willing to install SWAC and the capacity with 
intention to install also begins to increase. When this capacity reaches threshold capacity, 
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construction of the first DOW infrastructure occurs. According to the BAU scenario, this 
may occur in 2030 and varies from 2025 (optimist) to 2035 (pessimist). In the three 
scenarios, technology profitability is always greater than the minimum desired profitability 
because the energy prices in Jamaica are relatively high and the technology is cost 
competitive. Thus, the installation of DOW is only limited by the threshold capacity.  
Once the first DOW supply capacity becomes available, the first SWAC users start to 
connect to the system and capacity with intention to install decreases as it becomes 
installed SWAC capacity. The increase in SWAC capacity accelerates technology 
acceptance which can lead to a second cycle of capacity expansion starting in 2040 under 
the BAU scenario, and in 2035 under the optimist scenario. Under the pessimist scenario, 
the second expansion cycle does not occur before 2050.  
As a result of these expansion cycles, Jamaica can reach a DOW supply capacity of 3.6 
m3/s and an SWAC capacity of 18 ktons by 2050 under the BAU scenario. These capacities 
are almost doubled under the optimist scenario (6.7 m3/s, and 34 ktons) and are reduced 
by 60% under the pessimist scenario (2 m3/s and 7.2 ktons).  
Finally, the LCOE experiences a reduction mainly due to system operations in economies 
of scale. Learning-by-doing effects are observed only when enough experience has been 
gained in the construction of DOW capacity: this occurs after 2045 in the BAU scenario, 
after 2040 in the optimist scenario and is not observed in the pessimist scenario. Even under 
the pessimist scenario, the technology is cost competitive since the LCOE remains lower 
than for traditional AC. The reductions in LCOE lead to a 20% increase in profitability in 
the BAU scenario (from 2.0 in 2016 to 2.4 in 2050), 40% in the optimist scenario and 11% 






Figure 4-6 Simulation of scenarios for SWAC adoption in Jamaica 
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4.5.3 Evaluation of policy incentives  
There are several incentives to promote investment in renewable energy such as direct 
money allocation, tax reductions and low interest rates (Haas et al., 2011). Incentives for 
AC are usually framed within energy efficiency programs targeting equipment replacement 
and implemented as tax reductions in the form of a percentage of the replacement costs 
(see, for example, Geller et al,  2006; Lo, 2014). The effects of a tax reduction mechanism 
on SWAC adoption are tested in this section using the simulation model; the incentive is 
represented by a 30% reduction in investment costs for a period of 25 years starting in 
2020.  
The simulation results are presented in Figure 4-7 which shows that the subsidy leads to 
an increase in the installed capacity of the technology. SWAC installed capacity is 32% 
greater than in the BAU scenario with a cost to the government of about 9.5 MUSD by 
2050 (see Table 4-2). However, the subsidy is not as effective in accelerating the adoption 
rate since the installation of the first SWAC system occurs only three years earlier than in 
the BAU scenario, a period similar to the optimist scenario tested in the previous section. 
Moreover, traditional capacity keeps increasing, reaching the largest market share by 2050, 
mainly due to the emergence of new demand for AC. We analyzed sensitivity to both the 
percentage and duration of the subsidy and found similar results for adoption rates.  
We also simulated a case where the government finances 100% of the first pipeline with a 
2000-ton capacity (equivalent to the threshold capacity) and obligates all new buildings 
erected after 2025 to connect to this system. The policy costs three times the tax reduction, 
as shown in Table 4-2, but guarantees immediate and rapid adoption of the technology 
with the first installation of SWAC occurring 10 years earlier than in the BAU scenario. 
With this policy in place, technology acceptance reaches the maximum value of 1 before 
2045 and SWAC installed capacity reaches 54 ktons by 2050 (see Figure 4-7). 
Additionally, the government can guarantee with this policy that SWAC capacity will cover 
most of the market by 2050 and that dependence on traditional AC will decrease. In fact, 








Figure 4-7 Simulation of policy incentives for SWAC adoption 
 
 
Table 4-2 Comparison of policy incentive performance 






SWAC acceptance in 2050 0.79 0.90 (+14%) 1.0 (+27%) 
Year of first DOW installation  2030 2027 2020 
Year of first SWAC operations 2034 2031 2024 
Installed capacity of DOW in 2050 (m3/s) 3.6 4.8 (+33%) 9.4 (+127%) 
Installed capacity of SWAC in 2050 (kton) 18 23.8 (+32%) 54.1 (+200%) 
Installed capacity of traditional AC in 2050 
(kton) 
60.5 53 (-12%) 27.1 (-55%) 
Change in traditional AC capacity between 
2016 and 2050 (kton) 
+73% +51% -23% 
Expected profitability by 2050 2.4 2.6 (+8%) 2.9 (+21%) 
Change in profitability between 2016 and 2050 +20% +30% +45% 
Total cost of the incentive (MUSD)  9.5 30 
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4.6 Discussion and conclusions 
The intensive use of air conditioning (AC) constitutes one of the main challenges for the 
Caribbean in terms of climate change mitigation and energy efficiency. The negative 
impacts of traditional AC include heat release into the environment, high consumption of 
fuel-powered electricity, energy inefficiencies and potential refrigerant leaks. Thus, the 
replacement of traditional AC with more efficient and renewable technologies should be a 
priority for governments in order to tackle climate change through greater sustainability.  
Seawater Air Conditioning (SWAC) is a new renewable technology that uses cold deep 
ocean water (DOW) as its main source and is an attractive alternative to traditional AC. 
The use of SWAC for large-scale cooling districts eliminates the use of refrigerants22, reduces 
electricity consumption by up to 90% and reduces the total levelized cost of AC for 
buildings. Nevertheless, the adoption of this technology is currently limited to pilot projects 
and small-scale plants.  
In this study we discuss the conditions that influence SWAC adoption with a focus on the 
Caribbean. We develop a system dynamics (SD) adoption model that integrates three 
components: DOW supply, demand for AC and acceptance of the new technology. This 
model constitutes a new tool for evaluating incentive policies for renewable energy diffusion. 
Jamaica is one of the countries with the largest potential for SWAC in the Caribbean and 
that has shown the most progress in the quantification of such potential. We selected 
Jamaica as a case study to calibrate and validate the model because it has more available 
information than other countries. We simulated BAU, optimist and pessimist scenarios for 
SWAC adoption in Jamaica up to 2050. In this case study we observed that SWAC 
adoption may occur in cycles. The first cycle begins when convinced users reach the 
threshold capacity of the system. Under the baseline and optimist scenarios this could 
happen between 2025 and 2030; however, it could be delayed more than 10 years under the 
pessimist scenario. After the first installation cycle, the adoption rate decreases as new 
users become convinced that they will install. A second expansion cycle may occur between 
2030 and 2040 under the baseline and optimist scenarios but may not occur before 2050 in 
the worst-case scenario.  
                                      





SWAC adoption follows a path similar to that observed for other REs around the world as 
government actions are required to deploy the technology within the next 10 years. 
However, contrary to other renewables, the main limitation for deployment is not low 
profitability, since SWAC has a lower LCOE than traditional AC. Instead, the main 
limitation for SWAC is a lack of confidence in the technology which is needed to reach 
threshold capacity, given that this technology is capital intensive in the initial stage.  
SWAC adoption could be seen as a chicken or egg dilemma: there are not enough users to 
begin installation because they are not convinced, but in order to convince them, they must 
“see” a SWAC system operating successfully. To “see” means not only to observe the 
physical working system but to have an awareness of the environment for reducing 
emissions and using more sustainable sources. We simulate two policy incentives that the 
government could use to solve this dilemma and accelerate deployment of the technology, 
namely, subsidizing investment and financing the first pipeline. Although both policies 
could increase installed SWAC capacity, only financing the pipeline can push the adoption 
process ahead and guarantee deployment of the technology before 2025. Financing the 
pipeline is expected to cost around three times the subsidy strategy, but as a policy it is 
200% more effective in terms of installed capacity and it reduces dependence on traditional 
AC systems and subsequently on fossil fuels.  
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5. Adoption of Sea Water Air Conditioning (SWAC) 
in the Caribbean: Individual vs Regional Effects 
 
Abstract 
Seawater air conditioning (SWAC) is a sustainable alternative for the Caribbean’s energy 
challenges. Despite their vast potential, current sustainability plans and renewable energy 
incentives in the Caribbean exclude ocean technologies, and thus, the adoption of SWAC 
remains limited. I identify regional strategies to increase the adoption of SWAC in the 
Caribbean and the contribution of such strategies to the regional sustainable energy targets. 
I use a system dynamics model and add a multidimensional scaling analysis to include the 
effect of cross-country word-of-mouth on SWAC adoption rates. The improved model 
simulates policy incentives to SWAC promotion in five countries and compares the 
effectiveness of country-level versus regional-level incentives. Results suggest that, by 2030, 
renewable air conditioning use in the Caribbean could reach 36% if the countries adopt 
individual policies. This percentage could increase up to 60% if they adopt a regional policy. 
I conclude that the regional policies are the most effective to impulse the adoption of 
SWAC, which in turn contributes to attaining sustainable energy targets. Financing 
institutions should distribute investment among the interested countries and allocate a 
higher percentage in the smallest states such as Barbados or Curacao, instead of supporting 
only big countries such as Jamaica. 
Keywords: Cooling district; deep ocean water; technology diffusion; system dynamics. 
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5.1 Introduction  
The Caribbean islands are currently facing several energy and sustainability challenges: 
increasing the renewable energy share, improving energy efficiency, and reducing 
greenhouse gases (GHG) emissions and fossil-fuel dependence (Osorio et al., 2016). The 
Caribbean has a vast and unexploited deep ocean water (DOW) potential that could help 
overcome many of the mentioned challenges. The most evolved DOW technology is the 
seawater air conditioning (SWAC). This study evaluates policy incentives that institutions 
such as the Caribbean Community (CARICOM), the Caribbean Development Bank (CDB), 
and others, could implement to promote the adoption of SWAC and at the same time 
contribute to the sustainable development of the region.  
The desire to reduce emissions and the instabilities caused by fossil fuel prices, has led the 
Caribbean islands to look for renewable alternatives and to set regional targets such as a 
renewable energy participation of 47% by 2030, and annual energy savings of 20 GWh 
(CDB, 2015). Most of the energy incentives in the Caribbean are targeted at the electricity 
supply side, with incentives to hydro, solar, biomass, and wind (CDB, 2015), while 
incentives on the demand-side are being left aside. Additionally, energy demand is expected 
to increase especially in the tourism sector, thus incentives to improve energy efficiency are 
also necessary today. For instance, in the tourism-dependent islands, 16% of the total 
energy demand belongs to inefficient air conditioning (AC) systems in commercial buildings 
(Mclntyre et al., 2016). 
SWAC is emerging as an alternative to increase both the renewable energy share and the 
energy efficiency of tropical islands. It can therefore help reach supply and demand energy 
targets. SWAC uses DOW for cooling a set of buildings or a community (also known as a 
cooling district) near the cold-water source. One of the main advantages of SWAC 
compared to traditional AC is that it can reduce the electricity consumption up to 90% 





of the system. Additionally, it reduces the environmental impact of heat release and 
refrigerant leaks to the atmosphere. 
Despite the benefits and the vast SWAC potential in the Caribbean (Arias-Gaviria et al., 
2018b), the adoption of this technology in the region is still limited. The main restrictions 
to the adoption are the high investment costs, the lack of knowledge about this technology 
in the region, and the uncertainty about the environmental impacts on the ocean (Lilley et 
al., 2015). In this paper, I evaluate how SWAC could contribute to the Caribbean’s 
sustainable energy targets and identify what policy strategies can be adopted by the 
Caribbean countries to impulse the deployment of SWAC.  
Diffusion models and simulation have been widely used to study the adoption of renewable 
energy and to test different policy incentives (see e. g. Alishahi et al., 2012; Arias-Gaviria 
et al., 2018; Radomes & Arango, 2015; Toka et al., 2014). The simulation of scenarios with 
a flexible modeling approach such as system dynamics (SD) is appropriate when data is 
limited or nonexistent, which is the case here. A previous study developed an SD simulation 
model to understand the process of SWAC adoption in Jamaica and to test different 
country-level policy (Arias-Gaviria et al., 2018a). In this paper I expand the model to 
include multiple countries and the effect of cross-country word-of-mouth. I also test regional 
policies to reach the Caribbean regional sustainable energy targets. The model includes four 
other countries with high SWAC potential: Barbados, Colombia, Curacao, and the 
Dominican Republic. The cross-country approach is also useful to test which country has 
a stronger influence on others, and how this influence can be used to boost SWAC in the 
region.  
The structure of this paper is as follows. I begin by providing an overview of the Caribbean’s 
economic and energetic challenges. Next, I present the improvements made to the SD 
model. Then, I perform an analysis to measure the Caribbean similarities and classify the 
potential market for SWAC, which constitutes an input to the new simulation model. I use 
the integrated model to test different scenarios and regional policies. In the final section, I 
discuss and conclude on the contribution made by this study. 
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5.2 The Caribbean  
The Caribbean Sea is located in the tropical Atlantic Ocean, between 9° – 22° N and 
89° – 60°W. It is delimited by the Greater Antilles and Cayman Islands (UK) to the north, 
the Lesser Antilles to the east, Mexico, and Central America to the west, and Colombia 
and Venezuela to the south. The Greater Antilles are the biggest Islands in the Caribbean, 
with areas of 9000 km2 or more. Except Puerto Rico, they all are independent countries: 
Cuba, Jamaica, and the Hispaniola Island divided into the Dominican Republic and Haiti. 
The Lesser Antilles are small islands with areas below 1000 km2, many of them are overseas 
territories of European and American countries, like the Dutch Antilles23, the French 
Antilles24, the Virgin Islands (US and UK), Anguilla (UK), and Montserrat (UK). Eleven 
of the Lesser Antilles are independent countries as well: Antigua and Barbuda, Aruba, 
Barbados, Curacao, Dominica, Grenada, Saint Kitts and Nevis, Saint Lucia, Saint Vincent 
and the Grenadines, Sint Marteen, and Trinidad and Tobago. The other small islands in 
the Caribbean belong to continental countries: Colombia, Mexico, Nicaragua, Venezuela, 
Belize, Guatemala, Honduras, Costa Rica and Panama.  
Since the colonization in the XIII century, three cultures have cohabited in the Caribbean: 
East Indians (or Latin Americans), Africans and Europeans (Meditz and Hanratty, 1987). 
Although today most of the population has African roots, the traditions, languages, and 
religions from the other groups remain part of the Caribbean culture. An example of such 
diversity is the vast number of languages spoken in the region, with six official languages –
Spanish, English, French, Creole, Dutch and Papiamento– and countless local dialects.  
Despite the cultural differences, the Caribbean islands have similar economies and face the 
same energy problems. The primary economic activity for most of them is the tourism, and 
some of them like Belize, Jamaica and Trinidad and Tobago are also commodity exporters 
(Mclntyre et al., 2016). They have had similar GDP growth rates in the last five years, 
with values between -1% and 2% per year, which is below the world average (typically 
around 2.8% per year) (World Bank, 2017). There are some exceptions, like the Dominican 
                                      
23 Including the special municipalities of Bonaire, Sint Eustatius, and Saba. Aruba, Curacao, and Sint 
Marteen are members of the Kingdom of the Netherlands, but independent countries since 2010.  
24 Including the overseas departments of Guadeloupe and Martinique and the overseas collectives of Saint 





Republic, Antigua and Barbuda, Belize and Saint Kitts and Nevis, that have grown faster 
than the world average in the last five years (World Bank, 2017).  
Regarding energy, one of the main challenges in the Caribbean is the diversification of the 
energy mix, since all the islands are net energy importers25 and have a significant 
dependence on fossil fuels (CDB, 2015). Most of the Caribbean islands have a renewable 
energy consumption below 20%, with a regional average of 6%, (with 94% from fossil fuels). 
This fossil fuel dependence has led to the highest electricity prices in Latin America and 
the Caribbean (LAC region in Figure 5-1), and therefore to lower competitiveness 
(Mclntyre et al., 2016). Other challenges related to energy include infrastructure 
obsolescence, low reliability of the supply, inefficiencies, lack of regulation and monopolies 
in energy generation  (CDB, 2015; Mclntyre et al., 2016). 
 
 
Figure 5-1 Renewable energy consumption (bars) and average electricity prices (dots) in 
selected Caribbean countries in 2014.   
Data from (CARILEC, 2014; OLADE, 2015) 
                                      
25 Excepting the oil-exporter Trinidad and Tobago. 
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Given its privileged position, the Caribbean has a potential for most renewable energy 
sources, with an estimated value of more than 21 GW between hydro, wind, geothermal, 
solar and biomass (Ochs et al., 2015), and a theoretical potential for ocean thermal energy 
(Rajagopalan and Nihous, 2013). However, the region has experienced a lack of renewable 
energy policies in the past decade (Iyare and Moseley, 2012). Most governments and 
associations are now summing up efforts to change the regulations and incentivize the 
development of renewables in the Caribbean. For instance, almost all the Caribbean 
countries have presented their nationally determined contributions (NDCs) to climate 
change after the 2015 United Nations Climate Change Conference (COP 21) in Paris. The 
countries have committed to reducing their emissions between 10% and 40% by 203026. The 
CDB also defined energy targets for the region, including a regional renewable energy 
participation of 20% equivalent to 8.5 MW of new capacity, and energy savings of 
20GWh/year (CDB, 2015).  
 
5.3 Modeling the cross-country adoption of SWAC in the 
Caribbean  
In a previous study, Arias-Gaviria et al (2018) developed a simulation model for the 
adoption of SWAC in one country. The model has three components: DOW supply, demand 
for SWAC, and technology acceptance. In this section, I summarize the key variables and 
equations of the first two components and modify the acceptance sub-model to include the 
diffusion of the technology among countries, or cross-country adoption (see Figure 5-2). 
 
                                      






Figure 5-2 Blocks diagram on the cross-country adoption model 
Adapted from (Arias-Gaviria et al., 2018a) 
 
The DOW supply sub-model has three state variables, as shown in equations (5.1) to (5.3): 
the DOW extraction potential (𝑃 ), the DOW capacity under construction (𝐶𝐶 ), and 
the DOW installed capacity (𝐼𝐶 ). The DOW extraction potential is the maximum water 
flow that can be extracted from the ocean in a specific place and depends on the climate 
and oceanography of each island. This potential is exhausted by the capacity expansion 
rate (𝑒 ), thus becoming capacity under construction which, after a construction delay 
time (𝑡𝑐 ), becomes installed capacity (𝐼𝐶 ). There are two limiting forces to the 
expansion of DOW capacity: an economic restriction –the profitability of the technology 
must be higher than the desired profitability; and a technical restriction –for the first 
installation, the new capacity needed should be greater than or equal to a threshold 
capacity. The expected profitability depends on the expected costs and incomes for the 
supply of cold water (see details in (Arias-Gaviria et al., 2018a). The new capacity needed 
varies with expected SWAC demand, modeled in the demand for SWAC sub-model.  
 
 ( ) = −𝑒  (5.1) 
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 ( ) = 𝑒 −  (5.2) 
 ( ) =  (5.3) 
 
The demand for SWAC sub-model includes five state variables, as described in equations 
(5.4) to (5.8): the new potential demand for AC (𝑁𝐷 ), the capacity with the intention to 
install a SWAC system (𝐼 ), SWAC capacity under construction (𝐶𝐶 ), SWAC 
installed capacity (𝐼𝐶 ), and traditional AC installed capacity (𝐼𝐶 ). These five 
variables are measured in ktons of refrigeration.  
 
  ( ) = 𝑔 + − 𝑎 − 𝑎   (5.4) 
 ( ) = 𝑎 − 𝑖𝑛 − 𝑑   (5.5) 
 ( ) = 𝑖𝑛 −  (5.6) 
  ( ) =   (5.7) 
 ( ) = 𝑎 + 𝑑 −   (5.8) 
 
The new potential demand is the primary driver to increase both SWAC and traditional 
capacity (equation 5.4). The demand increases by a growth rate (𝑔 ) that depends on the 
expected economic development and on the traditional capacity that needs to be replaced 
( ), and decreases with the installation of traditional AC (𝑎 ) or the installation of 
SWAC (𝑎 ). The selection of which kind of AC technology to install depends on the 
acceptance of SWAC (see the acceptance sub-model), and likelihood to adopt SWAC 
modeled with a consumer’s choice multinomial logit model (see details in (Arias-Gaviria et 
al., 2018a).  
The users who chose traditional AC can install it immediately, thereby increasing the 
traditional AC capacity. The users who chose SWAC must wait for the DOW supply to be 





The capacity with the intention to install SWAC decreases with the installation rate 
(𝑖𝑛 ). After the construction delay of equation (5.6), this installation rate becomes 
SWAC installed capacity (equation 5.7). However, if the DOW supply is not ready on time, 
after a waiting time, the intended users can reverse their decision and install traditional 
AC instead. The desertion rate (𝑑 ) in equation (5.5) represents this decision. Thus, the 
traditional AC capacity increases with the adoption of a traditional system or with the 
desertion rate and decreases when its lifetime is reached (𝑡𝑙 in equation 5.8). The model 
excludes SWAC scrapping since its lifetime is too long in comparison to traditional systems, 
as well as for our simulation time horizon.  
The expected cold-water demand (𝐸𝐷 ) drives the expansion of DOW capacity. It is the 
sum of the cold water needed to supply the installed SWAC capacity, the SWAC capacity 
under construction, and the users with the intention to install SWAC (see equation 5.9). 𝑓 
is the conversion factor from tons to m3/s and depends on the efficiency of the technology 
and the DOW temperature in each island. 
 
 𝐸𝐷 = (𝐼 + 𝐶𝐶 + 𝐼𝐶 ) ∗ 𝑓 (5.9) 
 
The SWAC technology acceptance model is based on a Bass diffusion model structure 
(Bass, 1969), as shown in Figure 5-3. A previous work has shown that the dynamics of 
acceptance have one reinforcing loop with internal influences, while the external influences 
were considered constant. In this work I consider that the acceptance in an island i increases 
according to two reinforcing loops: R1, representing the word-of-mouth diffusion inside the 
island (internal influence), and Rij, representing the influence of other islands (cross-
country diffusion). Thus, the acceptance in island j influences the acceptance in island i, 
and vice versa. Finally, the growth in acceptance is limited by the maximum acceptance, 
with an initial value of 1.  
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Figure 5-3 Causal loop diagram for the dynamics of technology acceptance 
 
Equations (5.10) to (5.12) represent the dynamic behavior of the causal structure in Figure 
5-3. I use a Bass equation to model the new acceptance rate (𝑛𝑎 ), that depends on the 
acceptance stock (𝐴 ), the maximum acceptance (𝑀𝐴 , with an initial value of 1), a 
factor of internal influence (𝐹 ) and a factor of external influence (𝐹 ). 𝐹  is the percentage 
of users that have already adopted the technology (SWAC intended capacity, under 
construction and installed). For a given island 𝑖, the external influences are a summation 
of the acceptance of other islands (𝑗 = 1, 2, … 𝑛), multiplied by the similarity between 𝑖 and 
𝑗 (𝑆 ). I calculate these indexes according to the market similarities in the next section.  
 
 ( ) = − ( ) = 𝑛𝑎  (5.10) 
 𝑛𝑎 = 𝑀𝐴 ∗ 𝐹 + 𝐹  (5.11) 
 𝐹 = ∑ 𝐴 , ∗ 𝑆  (5.12) 
 
5.4 Clustering the potential market for SWAC in the Caribbean  
As described in the previous section, the SWAC acceptance in one island depends on the 
influence of other countries. The model assumes that the closer the more similar two islands 
are, the more influence they have on each other. I need to measure the islands’ similarities 
in a way that can be easily integrated with the SD simulation model. One way to measure 





Said distance (𝐷 ) can be either geographical, economic, cultural, or a combination of all 
these dimensions. In this section, I use Multidimensional Scaling (MDS) to calculate the 
distances between the islands and to identify the clusters of the potential market for SWAC, 
following the methodology in Figure 5-4.  
 
 
Figure 5-4 Methodology for multidimensional scaling analysis followed in this study 
Based on (Hair et al., 2010; Shannon, 2007) 
 
MDS is a set of techniques used to visualize the similarities of several objects as a 
geometrical picture (Young, 1985). It takes the distances (as a measure of similarity) among 
the objects in an n-dimension space, and reduces such dimensions in order to make the data 
observable in a 2D or 3D graph (Marcussen, 2014). Torgerson (1952) initially proposed the 
technique in 1952, and since then it has been widely used in several disciplines such as 
marketing, computer science, medicine, sociology, among others (France and Carroll, 2011). 
Some applications include clustering consumers with similar preferences, products with 
similar characteristics (Desarbo and Kim, 2012), or countries with similar touristic markets 
(Marcussen, 2014).  
First, the MDS analysis selects m objects and the dimensions that represent them. 
According to the aim of the study, the objects can be consumers, countries, products, or 
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other variables of interest. The n dimensions can be coordinates, socio-economic indicators, 
or population characteristics. Thus, a vector with n elements (𝑥 = (𝑥 , 𝑥 . … , 𝑥 )) represents 
each object. In this case, I have selected 21 countries as the objects for the MDS analysis 
(Table 5-1), based on previous studies from the Development Bank of Latin America 
(CAF) about the SWAC potential in the Caribbean (CAF, 2015). 
 
Table 5-1 Selected countries for the MDS analysis27 
Indicator Country 













PR Puerto Rico 
KN St. Kitts and Nevis 
LC St. Lucia 
VC St. Vincent and the Grenadines 
TT Trinidad and Tobago 
VG The British Virgin Islands 
To select the dimensions, I started with a literature review of other clustering studies related 
to technology adoption, with an interest in word-of-mouth and influences across territories. 
In general, literature groups the main factors into socio-economic, culture, communication, 
                                      
27 Based on the preliminary studies for SWAC potential in the Caribbean (CAF, 2015). I excluded the 
islands of Anguilla, Bonaire, Guadeloupe, Martinique Montserrat and St. Marteen from the MDS analysis 
due to lack of data. I include Bahamas in this study given that it has market potential for SWAC, even 





and demographics categories. Therefore, I have defined the four macro-dimensions: (i) the 
socio-economic dimension, that considers economic wealth and competitiveness (Gelper and 
Stremersch, 2014; Green et al., 1967; Liou et al., 2002); (ii) the associativity and cultural 
dimension, that includes the cultural roots28 (Mensah and Chen, 2014), and the leading 
associations in the Caribbean; (iii) the communication dimension, that considers the 
geographical position, and thus the physical distance between islands; and (iv) the technical 
dimension, considering the characteristics of the energy market. I excluded the demographic 
dimension given that the local islanders are not the actual adopters of the technology, but 
rather the governments, the tourism sector, and energy companies. Table 5-2 presents the 
summary of the selected macro-dimensions, their sub-dimensions, and scales of 
measurement. Appendix A reports the data on the dimensions for the 21 selected countries.  
 





 and scale 
Comments 
Socio-economic macro dimension 
Economic 
wealth 
GDP per capita 
(2015) 
MUSD/ person As a measure of available money for 
investment. Oher economy indicators 
such as GDP growth rate, imports 
and exports were excluded after a 







0 - 7 As a measure of easiness to innovate 
and start new businesses. Scale 1 – 7 
according to the World Economic 
Forum (WEF, 2014), and 0 if the 
country is excluded from the GCI 
report.   
 
 
Associativity and Culture macro-dimension 
Associations CARICOM 
 
Binary: One if 
the country 
belongs to the 
As a measure of political similarities. 
Other associations such as the 
International Development Bank and CAF 
                                      
28 The Hofstede’s cultural dimensions (Hofstede, 1984) are commonly used in other studies (Mensah and 
Chen, 2014); however this index is not available for most of the Caribbean's countries. 
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 and scale 
Comments 
association, zero 
if it does not.  
 
the Association of Caribbean States 






Binary: One if 
the country has 
the root, zero if it 
does not. 
Based on (Mensah and Chen, 2014), 
as a measure of both cultural and 
language similarities. Some countries 






Degrees Other indicators of communication, 
such as tourism intensity, were 







As a measure of similarities in the 
energy markets.  
AC demand ktons of 
refrigeration 
Energy price USD/kWh 
 
Figure 5-5 shows the three clusters obtained when considering all the macro-dimensions 
(i. e. using the weighted distances matrix from Appendix A), and assuming the same 
importance weight (0.25 for each one). Despite the cultural and economic differences, and 
the geographical distance, I distinguish three clusters for the SWAC market: 
- Cluster 1 –high market potential– includes Colombia, Cuba, Costa Rica, the 
Dominican Republic, Jamaica, Mexico and Puerto Rico. This cluster has the largest 
market potential regarding both energy consumption and economic competitiveness29. 
They all share similar cultural roots (except Jamaica), and most of them belong to the 
same associations. However, this cluster has the lowest energy prices in the region, 
which challenges the entrance of new energy technologies.  
                                      
29 Although Cuba’s competitiveness is low compared to the rest of the group, it is included in this cluster 





- Cluster 2 –medium market potential– includes Aruba, Curacao, Saint Kitts and 
Nevis, Saint Lucia, Saint Vincent and the Grenadines, and the Virgin Islands. These 
countries have high energy prices, which represents an opportunity for new renewable 
technologies, but they have medium energy and AC demand when compared to cluster 
1. Additionally, these countries have a low (or unmeasured) competitiveness index and 
they also share similar cultural roots, characterized by both African and European 
influences. 
- Cluster 3 –low market potential– includes Antigua and Barbuda, Bahamas, 
Barbados, Belize, Dominica, Grenada, Haiti, and Trinidad and Tobago. This cluster 
has the highest energy prices of the Caribbean, but the lowest energy and AC demand 
from all the analyzed countries. The exception in this cluster is Trinidad and Tobago 
which, contrary to the rest of the group, has large energy demand but low energy 
prices. The countries in this cluster also share the same African cultural roots and have 




Figure 5-5 (a) 2D multidimensional scaling considering all dimensions. (b) Map of 
the clusters in the Caribbean 
  
132 Adoption of deep ocean water technologies and their contribution to sustainable 
development in the Caribbean 
 
5.6 Cross-country adoption scenarios  
This section presents the simulation of adoption scenarios for five countries:  Colombia, the 
Dominican Republic and Jamaica, from Cluster 1; Curacao from Cluster 2; and Barbados 
from Cluster 3. I selected the countries with the highest AC demands from each cluster and 
analyzed the differences in the adoption rate among different clusters.  
 
5.6.1 The Business-as-Usual scenario  
Figure 5-6 and Figure 5-7 present the business-as-usual (BAU) scenario from 2016 to 
2050 for the adoption of SWAC in the Caribbean. This scenario considers the average 
values for the parameters shown in Appendix B. Jamaica is the country with the highest 
AC demand, distributed in three potential cities: Montego Bay, Ocho Rios, and Kingston. 
Therefore, it is the first country to reach the threshold capacity and the first one to install 
the DOW infrastructure, in 2031. This capacity is available for the first SWAC users in 
2034, after the construction delays. Thereafter, the installation rate decreases while new 
users are convinced to install SWAC, and the country starts a second expansion cycle by 
2040. As a result, Jamaica reaches the biggest acceptance among the five countries, 0.90 
by 2050, a DOW supply capacity of 4.1 m3/s, and a SWAC capacity of 20 ktons. Jamaica 
also has the highest profitability, given that it has the lowest costs and the second largest 
energy prices, after Barbados. Its profitability increases by 25% between 2016 and 2050 
(from 2.0 to 2.5), mainly due to economies of scale in the system´s operation. The learning 
by doing effects are observable after 2044 when the total capacity of the Caribbean has 
reached 14 ktons. 
The Dominican Republic has the second largest AC demand, with also three potential 
cities: Puerto Plata, Punta Cana, and Santo Domingo. The country’s acceptance follows a 
similar path to that of Jamaica, reaching 0.87 by 2050, which is consistent with the 
clustering analysis since Jamaica shares more similarities with the Dominican Republic 
than with the other three countries (See similarity index in Appendix B). However, since 
the AC demand is lower than Jamaica’s, the first construction of DOW capacity starts four 
years later (in 2035). Since the threshold capacity limits the entrance of the technology, 
then the magnitude of the first expansion cycle is the same for all countries. However, the 





the Dominican Republic, this second expansion of capacity starts around 2045, and by 2050 
the total installed capacity reaches 2.5 m3/s for DOW supply, and 12.6 kton for SWAC. 
The profitability increases by 23% between 2016 and 2050 (from 1.4 to 1.7). It presents a 
similar behavior to that of Jamaica but in a lower magnitude, given that in the Dominican 
Republic has lower energy prices and requires higher investment costs. 
I also consider three potential cities for SWAC in Colombia: Cartagena, Santa Marta, and 
San Andres Island; however, the total estimated demand for AC is 40% lower than Jamaica, 
and 20% lower than the Dominican Republic. Given this lower demand, Colombia’s 
acceptance reaches only 0.51 by 2050, despite Colombia and the Dominican Republic being 
the most similar countries among the five under study. Colombia’s first installation occurs 
in 2040 (9 years after Jamaica), and the second expansion cycle does not occur before 2050. 
The installed capacity reaches 1.5 m3/s of DOW and 6.8 ktons of SWAC. The profitability 
has similar behavior and magnitude to the Dominican Republic, increasing 22% between 
2016 and 2050. Although the energy prices are similar, Dominican Republic has slightly 
lower operational costs than Colombia by the end of the simulation (-2%), because it gets 
more economies of scale returns from a larger installed capacity.  
Finally, the low AC demands in Curacao and Barbados reflects on the low acceptance and 
adoption rates. Despite that Curacao has the biggest initial acceptance (It is the only 
country with a SWAC project currently in design), it reaches the threshold capacity by 
2045. Given the delays in the construction of the capacity, the first SWAC users can 
connect to the system around 2050. The profitability behaves similar to the Dominican 
Republic and Colombia, but without the returns by economies of scale. Barbados does not 
reach the threshold capacity before 2050, even when it has the largest energy prices, and 
the second largest profitability after Jamaica. Both Barbados and Curacao can expect an 
increase in profitability and decrease in costs from the learning by doing effects and the 
experience gained by the other countries of the region. 
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Figure 5-6 Sensitivity of adoption rates and installed capacity for the Dominican 
Republic and Jamaica 
Black line: Business as usual (BAU) scenario. Red dotted line: average threshold capacity 
for the first installation. Grey shadow: 90% confidence interval. 30 
  
                                      
30 Notice that Figure 5-6 and Figure 5-7 may have different scales. 






























































































































































































































Figure 5-7 Sensitivity of adoption rates and installed capacity for Colombia and 
Curacao. 
Black line: Business as usual (BAU) scenario. Red dotted line: average threshold capacity 
for the first installation.  Grey shadow: 90% confidence interval.30 
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5.6.3 Sensitivity analysis  
I tested the sensitivity of the model to each of the parameters listed in Appendix B, 
considering the uncertainty intervals presented in the table. Simulation results are 
insensitive to the available DOW potential since the estimations suggest a DOW extraction 
potential around 10m3/s per city. However, even under the most optimistic adoption 
scenarios, only 20% of this potential would be used.  
There are seven parameters that affect the profitability and levelized cost of energy (LCOE) 
but have a minor effect on the adoption rates and installed capacity: learning rate, desired 
profitability, elasticity of economies of scale, initial investment and operational costs, 
utilization factor, and discount rate. Under all the sensitivity scenarios, the profitability of 
all the countries remains above the minimum desired profitability (1.15). Therefore, the 
adoption rates stay unaltered and depend only on the threshold capacity. For the LCOE 
however, some considerations should be taken. The LCOE remains lower than traditional 
AC in 100% of the simulations for Jamaica, and 90% of the simulations for Barbados and 
Curacao. Thus, installed capacities in these three countries do not experience any changes. 
Colombia and the Dominican Republic, however, could have LCOE for SWAC higher than 
the traditional AC, due to the low energy prices for traditional energy in these two 
countries.  
Six parameters can affect the adoption rates and installed capacities, but do not influence 
the profitability or LCOE: initial acceptance, threshold capacity, waiting time before 
desertion, annual growth rate for the tourism sector and potential AC demand. Figure 6 
and Figure 7 present the results for the combined sensitivity analysis31 for Jamaica, the 
Dominican Republic, Colombia, and Curacao. The figures show that the path behavior of 
the system remains the same as in BAU, but varying in an uncertainty interval of about 
eight years.  
For all five countries, the installation of the first DOW infrastructure may occur three years 
before the BAU under the best scenario, and five years after the BAU in the worst scenario. 
Thus, in the absence of policy incentives, Colombia could reach a maximum capacity of 
                                      
31 I ran 100 simulations using the Latin Hypercube method, implemented in the Risk Analysis tool of 
Powersim Studio 10, and varying all seven parameters with a triangular distribution, considering the 





10.6 ktons and a minimum of 2.6 ktons. Curacao could have the first installation before 
2050 only under the best scenario, reaching a capacity of 3 ktons. The Dominican Republic 
and Jamaica could achieve maximum installed capacities of 17 and 27 ktons, respectively, 
and minimum values of 7 and 12 ktons, respectively. Finally, I found that the results for 
Barbados are insensitive to changes in the parameters and, even in the best scenario, the 
country would not reach the threshold capacity before 2050. 
 
5.6.4 Regional policies for SWAC in the Caribbean  
Tax reduction is not the most effective policy to impulse the adoption of SWAC (Arias-
Gaviria et al., 2018a). Instead, a more efficient strategy would be financing 100% of the 
first DOW supply pipeline, and obligating all new buildings to connect to the system after 
the first DOW capacity becomes available (enforcing policy) (Arias-Gaviria et al., 2018). 
This section compares the effectiveness of individual policies (financing pipeline and 
enforcing policy in only one country), and the following regional policies: 
- Financing the pipeline in one country but adopting the enforcing policy in all the 
Caribbean.  
- Adopting the enforcing policy in all the Caribbean, and financing 20% of the first 
pipeline in each country.  
- Adopting the enforcing policy in all the Caribbean and distributing the investment 
money as a percentage of the total AC demand.  
- Adopting the enforcing policy in all the Caribbean and distributing the investment 
money between the countries with the lowest adoption rates, namely Barbados and 
Curacao.  
 
Table 5-3 presents the results for the mentioned policies and compares the effectiveness 
with the BAU scenario. Rows indicate the output of each country for a given indicator, 
under the scenarios presented in columns. The second column shows the results for the 
BAU scenario. Column 3 indicates the individual policy of investing and enforcing in 
Barbados and not taking any action in the other countries. Similar, columns 4 to 7 shows 
the scenario of taking individual policy in Colombia, Curacao, the Dominican Republic, 
and Jamaica, respectively. As expected, the individual policy impulses the adoption of 
138 Adoption of deep ocean water technologies and their contribution to sustainable 
development in the Caribbean 
 
SWAC in the intervened country by increasing the SWAC capacity, but it has a minor 
effect in the other countries. As an example, investing and enforcing in Jamaica would lead 
to a SWAC capacity of 51.6 ktons in 2050 (31.6 ktons more than BAU), while each of the 
other countries would perceive an increase of less than two kton compared to BAU. When 
analyzing the regional indicators, investing in Barbados shows to be the least effective 
policy, with an improvement of only 15% of the total Caribbean SWAC capacity. This low 
improvement is consistent with the low AC demand in Barbados. By contrast, investing in 
Jamaica (the country with the highest AC demand) is the best individual policy. It would 
increase the total Caribbean SWAC capacity by 83% and save almost 200% more energy 
than the BAU (see figure 8). This SWAC capacity would avoid 695 kton of equivalent CO2 
of GHG and 12.1 kton of equivalent CO2 in ODS emissions.  
Columns 8 to 15 of Table 5-3 present the results for the regional policy, namely investing 
in one or several countries, but enforcing all new buildings in the Caribbean to install the 
technology after 2025. The results here show that the entire region would benefit regardless 
of the country in which to invest. The total Caribbean SWAC capacity in 2050 varies 
between 118 and 128 kton and saves an average of 400% more energy than BAU. Despite 
the fact that all the regional policies present similar results, the strategy that maximizes 
the region’s benefit is distributing the investment in the countries with the smallest AC 
demand (Barbados and Curacao, column 15), which could add 87 ktons to Caribbean’s 
BAU capacity (see Figure 5-8). Contrary to the individual policies, investing in Jamaica 
has the lowest effectiveness among the regional policies (column 12 in Table 5-3), adding 






Table 5-3 Results of different policies for SWAC adoption in the Caribbean 
Values in parenthesis indicate changes compared to BAU 
Indicator BAU 
Individual policies: Financing pipeline 
and enforcing policy in one country 
Regional policies: Enforcing policy in all the 
Caribbean and financing pipeline in only one 
country  
Regional policies: Enforcing policy in 
all the Caribbean and distributing the 
investment 
BB CO CW DO JM BB CO CW DO JM 
Equally  
distributed 




Installed DOW capacity in 2050 (m3/s)  
BB 0 0,9 0 0 0 0 1,0 0 0 0 0 0 0 0,8 
CO 1,5 1,6 4,8 1,7 1,8 1,8 4,6 4,9 4,6 4,6 4,6 4,7 4,7 4,6 
CW 0,1 0,3 0,3 2,4 0,3 0,3 1,9 1,9 2,4 1,9 1,9 2,0 2,0 2,1 
DO 2,5 2,6 2,9 2,7 6,3 2,9 6,2 6,2 6,2 6,4 6,2 6,2 6,2 6,2 
JM 4,1 4,3 4,5 4,3 4,6 9,0 8,9 8,9 8,9 8,9 9,1 8,9 8,9 8,9 



























Installed SWAC capacity in 2050 (kton)  
BB 0 4,9 0 0 0 0 5,0 0 0 0 0 0 0 4,5 
CO 6,8 7,5 27,5 7,7 8,6 8,3 25,7 27,9 25,7 25,7 25,7 26,2 26,2 25,7 
CW 0 0,3 0,3 13,7 0,3 0,3 9,3 9,3 13,9 9,3 9,2 11,2 10,7 11,8 
DO 13,6 13,0 14,1 13,4 36,4 14,0 35,0 35,0 35,0 36,8 31,0 35,0 35,0 35,0 
JM 20,0 21,0 22,0 20,9 22,4 51,6 50,1 50,1 50,1 50,1 52,1 50,1 50,1 50,6 



























Cumulative energy savings in 2050 (GWh)  
BB 0 289 0 0 0 0 294 0 0 0 0 0 0 241 
CO 132 153 1588 157 187 180 1314 1607 1316 1317 1315 1385 1387 1314 
CW 0 1 1 834 1 1 304 302 842 302 301 489 425 573 
DO 405 416 461 440 2151 459 1902 1905 1904 2169 1904 1911 1913 1902 
JM 777 799 842 796 853 3012 2749 2750 2750 2750 3036 2756 2760 2748 
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Indicator BAU 
Individual policies: Financing pipeline 
and enforcing policy in one country 
Regional policies: Enforcing policy in all the 
Caribbean and financing pipeline in only one 
country  
Regional policies: Enforcing policy in 
all the Caribbean and distributing the 
investment 
BB CO CW DO JM BB CO CW DO JM 
Equally  
distributed 































Total Caribbean  
Excluding 



























Cumulative CO2 emissions avoided (ktonCO2e) in 2050 
BB 0 55 0 0 0 0 56 0 0 0 0 0 0 46 
CO 25 29 302 30 36 34 250 305 250 250 250 263 264 250 
CW 0 0 0 158 0 0 58 57 160 57 57 93 81 109 
DO 77 79 88 84 409 87 362 362 362 413 362 363 364 362 
JM 148 152 160 151 162 573 523 523 523 523 577 524 525 522 
Total Caribbean 250 315 550 423 607 695 1248 1248 1295 1243 1247 1244 1233 1289 
Cumulative ODS emissions avoided (ktonCO2e) in 2050  
BB 0,0 1,0 0,0 0,0 0,0 0,0 1,0 0,0 0,0 0,0 0,0 0,0 0,0 0,8 
CO 0,4 0,5 5,3 0,5 0,6 0,6 4,4 5,3 4,4 4,4 4,4 4,6 4,6 4,4 
CW 0,0 0,0 0,0 2,8 0,0 0,0 1,0 1,0 2,8 1,0 1,0 1,6 1,4 1,9 
DO 1,3 1,4 1,5 1,5 7,1 1,5 6,3 6,3 6,3 7,2 6,3 6,3 6,3 6,3 
JM 2,6 2,6 2,8 2,6 2,8 10,0 9,1 9,1 9,1 9,1 10,0 9,1 9,1 9,1 
Total Caribbean 4,4 5,5 9,6 7,4 10,6 12,1 21,7 21,7 22,5 21,6 21,7 21,6 21,5 22,4 
Total cost of the  
incentive (MUSD)  41 33 41 33 31 41 33 41 33 31 34 32 41 
Renewable AC  
in the Caribbean 







Figure 5-8 Simulation of best individual policy and best regional policy for SWAC 
adoption in the Caribbean 
 
5.7 Discussion and conclusions  
SWAC is a technology that can help reach both renewable energy and energy efficiency 
targets in tropical islands. On the energy supply side, SWAC provides thermal energy for 
air conditioning (AC) using a renewable source –cold deep ocean water (DOW). On the 
demand side, the use of SWAC reduces the energy demand of buildings by increasing the 
cooling efficiency and eliminating the electricity consumption. Despite its advantages, the 
application of the technology in the Caribbean is null. Thus, the purpose of this study is 
to evaluate different policy incentives to accelerate the adoption of SWAC in the Caribbean, 
considering the potential market and the new technology adoption dynamics.  
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A previous work developed a System Dynamics (SD) model to understand the dynamics of 
SWAC adoption inside one island, and to test different policy incentives in Jamaica (Arias-
Gaviria et al., 2018). In the present study, I expanded the model to evaluate the adoption 
in the Caribbean and test the network effect across countries. The new model considers a 
multidimensional scaling (MDS) analysis in order to classify the market potential in three 
clusters, according to the socio-economic, cultural, communication and technical 
dimensions, and to measure the similarities that could influence cross-country adoption.  
I tested individual policies, implemented in only one country, and regional policies, 
implemented in five countries. The regional policies analyze in which country investors 
should allocate the money, and which countries should adopt an enforcing policy (obligating 
all new buildings to connect to the system after the first DOW supply capacity becomes 
available). The simulation results suggest that investing in the countries of Cluster 1 –high 
potential market– is more effective if policymakers and investors chose to implement 
individual policies. For instance, the best alternative for Jamaica would be implementing 
the enforcement policy, given that it has the highest AC demand in the entire cluster.  
However, adopting a cooperative regional policy would be more effective in reaching the 
CARICOM and CDB sustainability goals. The Caribbean reaches the maximum regional 
benefits when all countries implement the enforcing policy. However, it is unlikely for a 
country with no financial support to adopt such an aggressive policy. Thus, the investment 
should not be targeted to only one country, since efforts from all Caribbean countries are 
needed in order to increase the motivation of countries and maximize the adoption of 
SWAC. Instead, investment and financing mechanisms should be distributed, with the 
largest percentage directed to the smallest countries (clusters 2 and 3).  
Additional to the adoption of SWAC, regional policies could also help reach both the 
Caribbean’s renewable energy and efficiency targets. The Caribbean Sustainable Energy 
Roadmap and Strategy (Ochs et al., 2015) and the Energy Sector Policy and Strategy 
(CDB, 2015) define a cumulative energy saving target of 33% of the 2012 consumption 
before 2030, and a renewable energy share in all the region of 47% by 2030. Excluding 
Colombia, the best regional policy evaluated in this study would save about 5500 GWh 
between 2020 and 2050, which represents 10% of the Caribbean´s target. These savings 
corresponds only to hotels applications, but can increase if others such as commercial, 





time, 60% of the AC would be renewable, equivalent to about 30% of the energy 
consumption in buildings. The current strategies to promote renewable energy in the 
Caribbean recommend feed-in tariffs and net metering for solar, wind, geothermal and 
hydropower generation (CDB, 2015). Whichever the type of incentive to adopt, Caribbean 
policymakers should include SWAC in the renewable energy and efficiency plans as a 
strategic technology to reach the sustainability targets. 
This study considers secondary data as an input to model construction and parameter 
estimation. Future work should focus on obtaining primary data to improve the model, 
such as estimation of the choice model, developing a detailed financial model, costs 
estimation and tariff design of the thermal energy service, and including the effects of ocean 
and environmental variability on the availability of the thermal energy service.  
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5.9 Appendices  
 
Appendix 5-A: Supplementary Material for the Multidimensional Scaling 
(MDS) Analysis 
























AW 25.8 0    
  















CO 5.8 4,3  
  
  
CR 11.8 4,4  
  
  
CU 7.6 0   
 
  
CW 20.3 0    
  





DO 6.7 3,9  
  
  















MX 8.2 4,4  
  
  
PR 28.7 4,6   
 
  
KN 16.7 0 
 
   
 
LC 7.7 0 
 
   
 
VC 7.0 0 
 
   
 





a World Bank data (http://data.worldbank.org), and United Nations Data 
(http://data.un.org) 
b (WEF, 2014) 0 for countries non-listed in the WEF report. 
c Member states of the Caribbean Community (http://www.caricom.org/) 
d Countries of the Development Bank of Latin America (www.caf.com/en) 
e (Mensah & Chen, 2014). 
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AG (17.12, -61.84) 0.25 1.00 0.44 
AW (12.51, -70.02) 0.45 7.30 0.28 
BS (25.04, -77.36) 1.34 3.69 0.39 
BB (13.09, -59.6) 0.61 3.85 0.30 
BZ (17.49, -88.18) 0.24 1.56 0.27 
CO (12.5, -81.71) 8.06 19.09 0.24 
CR (9.93, -83.1) 4.79 1.73 0.18 
CU (23.13, -82.36) 10.17 15.60 0.15 
CW (12.18, -68.95) 1.85 11.00 0.39 
DM (15.3, -61.38) 0.06 0.90 0.46 
DO (19.79, -70.67) 8.00 32.00 0.19 
GD (12.05, -61.75) 0.13 3.24 0.39 
HT (18.56, -72.33) 0.91 1.00 0.37 
JM (18.5, -77.92) 2.95 34.80 0.35 
MX (21.16, -86.83) 7.19 9.20 0.13 
PR (18.45, -66.05) 9.86 7.79 0.28 
KN (17.29, -62.71) 0.10 1.00 0.34 
LC (14.02, -60.99) 0.15 6.18 0.38 
VC (13.15, -61.22) 0.08 1.56 0.38 
VG (10.65, -61.51) 26.23 2.00 0.24 
f Coordinates for the city with the largest AC demand. 
g EIA Statistics (www.eia.gov/beta/international) 
h (CAF, 2015) 
i CARILEC electricity tariff survey, 2014 and Energy Transitions Initiative – Island 






MDS for individual macro-dimensions 
I calculated the distances in each micro-dimension using the Euclidean distance formula. 
Thus, the distance between two countries 𝑝 and 𝑞 is calculated as (Shannon, 2007):  
 𝑑 = 𝑑 = ∑ (𝑝 − 𝑞 )  (5.A1) 
Where:  
- 𝑖 = {1,2} for the socio-economic macro-dimension (GDP per capita, GCI)  
- 𝑖 = {1,2,3,4,5} for associativity and culture (CARICOM, CAF, Latin-American, 
African, European). 
- 𝑖 = {1,2} for communication (north, east). 
- 𝑖 = {1,2,3} for the technical dimension (energy consumption, AC demand, energy 
price).  
 
The resulting matrixes (𝐷 , 𝐷 , 𝐷 , 𝐷 ) are all 21x21 symmetric matrixes with 
zeros in the diagonal, which contain the distances 𝑑 ,  in the given macro-dimension. To 
re-scale the distances to two dimensions32, the MDS method defines two values (𝑦 , 𝑦 ) for 
each country, calculates the new distances 𝛿(𝑦) (also known as disparities), and then, 
through an optimization method, it minimizes the stress between the real distances (D), 
and the new distances (𝛿(𝑦)). A typical stress function is (Shannon, 2007):  
 𝜀 = ∑ 𝑑 − 𝛿 (𝑦)  (5.A2) 
Finally, I plotted the optimal values (𝑦 , 𝑦 ) and analyzed the resulting clusters, presented 
in Figure 5.A1. 
 
                                      
32 The number of dimensions can be chosen arbitrary, typically 2 or 3. A sensitivity analysis can be 
performed to identify the minimum dimensions needed and maintain a minimum value for the stress 
function. In this case, two dimensions were found to be ideal.   
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Figure 5.A1 2D multidimensional scaling for individual macro-dimensions 
 
In the socio-economic dimension, I identify two clusters (see Figure 5.A1(a)). The first 
group includes the more prominent countries in extension and population (Colombia, Costa 
Rica, The Dominican Republic and Mexico), and small islands with the most competitive 
economies (Barbados, Jamaica, Puerto Rico and Trinidad and Tobago). The second group 
includes the states with the less competitive economies according to the GCI (Bahamas, 
Belize, Cuba, Haiti and the Lesser Antilles). In the figure, Haiti is closer to the first group 
because it has a bigger GCI than all the other countries in the second group; however, I 
include it in the second because it has the lower GDP per capita of all the 21 states. 
In the associativity and cultural dimension, I observe that cultural roots have more 





Figure 5.A1(b) shows that all the countries with Latin-American roots (Colombia, Costa 
Rica, Cuba, the Dominican Republic, Mexico and Puerto Rico) are closer between 
themselves, even when some of them belong to CARICOM community and others to CAF 
bank. Similarly, the second group includes countries with African roots (Antigua and 
Barbuda, Bahamas, Barbados, Belize, Dominica, Grenada, Haiti, Jamaica, and Trinidad 
and Tobago); and the third group includes the countries with both African and European 
roots (Aruba, Curacao, Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the 
Grenadines and the Virgin Islands).   
The communication dimension replicates, as expected, the position of the countries in the 
globe, given that this dimension only considers the coordinates (see Figure 5.A1(c)). Finally, 
I identify four groups in the technical dimension (Figure 5.A1(d)).  The first group has the 
Lesser Antilles along with Bahamas, Belize, and Haiti; these are the countries with the 
lowest energy and AC consumptions, but high energy prices. The second group includes 
the countries with high energy and AC consumption, but with low energy prices: Colombia, 
Costa Rica, Cuba, Mexico and Puerto Rico. The third group has the two countries with 
the largest AC consumptions: the Dominican Republic and Jamaica. Finally, Trinidad and 
Tobago differ from all other countries in the technical dimension given that it has the 
largest electricity consumption, but the lowest energy price, given that it is a country with 
big oil reserves.  
 
MDS for combined macro-dimensions 
To identify the final clusters for the potential markets, I normalized the distances for each 
macro-dimension between 0 and 1, and then replicated the 2D MDS analysis with a new 
weighted matrix (𝐷 ), defined as:  
𝐷 = 𝑤 𝐷 + 𝑤 𝐷 + 𝑤 𝐷 + 𝑤 𝐷  (5.A3) 
𝑤 + 𝑤 + 𝑤 + 𝑤 = 1 (5.A4) 
 
Here, the weights (𝑤 ) represents the importance of each dimension for the cross-country 
technology adoption. Initially, I considered equal weights (0.25), and then I tested the 
sensitivity of final clusters to these values. Figure 5a shows the results. 
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I tested the sensitivity of the clusters to the importance weights for each macro-dimension, 
by replicating the MDS analysis with different weight scenarios. First, I examined the 
sensitivity to the elimination of one of the dimensions and I observed that none of them 
can be excluded from the analysis without modifying the distribution of the countries 
among the clusters. Second, I tested the sensitivity if one dimension becomes dominant, by 
assigning a weight of 0.4 and distributing the remaining 0.6 among the others. I observed 
that, although the position of the countries may vary, the clustering remained the same, 
and the numeric distances changed less than 10% compared to the equal-weights scenario. 
Finally, the clustering distribution varies only if one of the dimensions weights 0.5 or more, 
in which case the distribution of clusters replicates the observed in the individual analysis 






Appendix 5-B: Data Used in the BAU Scenario and Sensitivity Analysis  
The values are the same for all the islands, except when indicated with the abbreviations 
of each country. 






Comments and references 








±50% Assuming DOW potential of 10 
m3/s for each potential city, based 
on preliminary estimations.  
𝐶̅  Threshold capacity 
(tons) 
1700 1500–2000 Minimum capacity necessary for 
the first installation, based on 
current technical and economic 
restrictions (Bluerise, 2011) 
𝑢  Utilization factor 
(%) 
65% 55%–75% Percentage of hours of operation 
per year. 
𝑐   Investment costs of 
reference 
(MUSD/ton) 





0.014–0.022 Estimation based on data from 
(CAF & Makai, 2015). 
𝑐   Operational costs 
of reference (USD/ 
ton/yr) 
800 400–1200 
𝐼𝐶   Capacity of 
reference (m3/s) 
7  
𝑗  Discount rate 
(%/yr) 
12% 6%–18% Average value for the tourism 
sector in the Caribbean (CDB, 
2017). 𝑟   Desired 
profitability  
1.15 1.1–1.25 
𝑚  Payback period for 
the investment (yr) 
10  Typically expected 
𝜆  Elasticity of 
economies of scale 
0.64 0.5–0.7 Estimated from the costs reported 
by (CAF & Makai, 2015). 
𝐿𝑅  Learning rate (%) 10% 5%–12% Typical interval for ocean 
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Comments and references 
𝐼𝐶 (0)  Initial installed capacity 






+30% Estimations from (CAF, 2015), 
corresponding to a minimum value 
which includes only the biggest 
hotels in each city.  







2.0–3.5 % Expected growth rate for tourism 
in the Caribbean countries (CDB, 
2017) 
𝑡𝑤  Waiting time for 
desertion (yr) 
3 2–5 Typical time for designing the 
building. 




 JM: 0.10 
±2% Assumed based on existing studies, 
cooperation agreements, and 





Table 5.B2 Similarities among countries S (1 − 𝐷 ) used in the BAU scenario and 
calculated in the MDS analysis in section 3 
 BB CO CW DO JM 
BB 0 0.21 0.48 0.23 0.40 
CO 0.21 0 0.28 0.73 0.49 
CW 0.48 0.28 0 0.25 0.22 
DO 0.23 0.73 0.25 0 0.56 







6. General Conclusions and Contributions 
This chapter summarizes the main results, conclusions, and contributions of the thesis, 
according to each specific objective described in the introduction. Additionally, this chapter 
also presents the opportunities for future research and final remarks in the searching of 
sustainable development.   
 
6.1 Study 1  
Beyond electricity: the potential of ocean thermal energy and ocean 
technology Ecoparks in small tropical islands 
Small islands, particularly in the Caribbean, face today many sustainable development 
challenges. First, they need to guarantee energy supply, improve energy efficiency, and 
reduce the high dependence on fossil fuels (CDB, 2015). Additionally, they need to 
guarantee freshwater and food supply, both threatened by climate change (IPCC, 2014), 
and improve economic development, highly dependent on tourism (Mclntyre et al., 2016).  
DOW is a renewable resource that can provide thermal energy for refrigeration, through a 
SWAC district, electricity and desalinized water through an OTEC plant, and nutrients 
for food production through seawater greenhouses and mariculture. In this study, we 
presented a detailed review of the state-of-the-art of DOW technologies, current 
applications, scale of development, and future projects. We proposed the integration of an 
ocean technology Ecopark as an alternative to using a renewable resource (DOW) to 
address several sustainable development issues, as shown in Figure 6-1.  
We presented an application of Ecoparks to San Andres, a Colombian island that meets all 
the necessary conditions for the implementation of OTEC technology, water desalinization, 
and a business model for DOW. We identified seven barriers for DOW technologies in San 
Andres, also applicable to other islands in the Caribbean: (i) preliminary technology status; 
(ii) lack of knowledge about the existence, operation and effects of the technologies; (iii) 
need for new regulation and incentives to ocean technologies; (iv) funding; (v) lack of 
industrial capacity design and support DOW systems; (vi) low commitment of local 
authorities; and (vii) social concerns regarding environmental impacts.   
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Figure 6-1 Challenges for small islands and possible solutions offered by an Ocean 
Ecopark 
 
Finally, we proposed a four-stage roadmap for the consolidation and sustainability of an 
ocean Ecopark in San Andres. The first stage consists in evaluating the theoretical and 
practical potential and performing environmental and climate pre-feasibility studies. The 
second and third stages require field data collection, development of an environmental 
monitoring program, detailed environmental assessment, design, and implementation of 
prototypes, and capacity building in operation, research and development of DOW 
technologies. Finally, the fourth stage involves R&D programs to develop larger-scale 
technologies, stakeholder’s engagement and policy formulation for boosting DOW business. 
This study contributed to DOW and ocean energy literature by reviewing and updating 
the status of all DOW technologies existing to date. The identification of main barriers and 
formulation of a roadmap also constitutes novel information for DOW related business, the 
scientific community, and policymakers. With this study, we accomplished the specific 






















6.2 Study 2 
Estimating the Practical Potential for Deep Ocean Water Extraction 
in the Caribbean 
The theoretical potential for a given renewable energy is the maximum energy flux that 
can be extracted from the resource  (de Vries, van Vuuren, & Hoogwijk, 2007). The ocean 
has a theoretical estimated potential enough to supply 100% of the global electricity 
demand (Khan, Kalair, Abas, & Haider, 2017). However, the theoretical potential is an 
unpractical value when comes to energy planning since geographical, environmental, social 
and economic restrictions can significantly reduce such value (de Vries et al., 2007; Moriarty 
& Honnery, 2016). Many studies have evaluated such limitations for other renewables such 
as wind, solar, tidal, and ocean salinity gradient, in order to estimate the practical 
extractable potential (see e.g. (Alvarez-Silva, Osorio, & Winter, 2016; de Castro, 
Mediavilla, Miguel, & Frechoso, 2013; Evans et al., 2015; Hoogwijk, de Vries, & 
Turkenburg, 2004). However, studies for DOW technologies have focused only on the 
OTEC theoretical potential that can be extracted from temperature gradients (Rajagopalan 
& Nihous, 2013; L. a. Vega, 2012; L. A. Vega, 2010), with only two public studies with 
site-specific potential applications in the Caribbean (CAF and Makai, 2015; Devis-Morales 
et al., 2014). 
Since Ecoparks are intended to integrate several DOW technologies, in this study developed 
a methodology to estimate the practical DOW potential as the maximum water flows that 
can be extracted from –and returned to– the ocean considering market and socio-economic 
conditions, technology requirements, and environmental constraints. These last have been 
identified as one of the main constraints to renewable energy implementation in the 
Caribbean (Ince, Vredenburg, & Liu, 2016); thus, we paid particular attention to these in 
the potential estimation model, considering historical variations in ocean currents, 
temperature, and salinity.  
We applied the developed methodology to estimate the potential in five cities in the 
Caribbean. Table 6-1 and Figure 6-2 present the main results of this study. We found 
that the average DOW potential is around 50 m3/s per city, with the exemption of 
Willemstad, that has a potential of more than twice the average. The found flows are 
enough to supply more than 100% of the city’s air conditioning (AC) demand and 60% of 
the electricity demand. We also estimated a monthly availability of DOW resource, finding 
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maximum extraction potentials between December to March, and minimum values between 
August to October. 
The practical potential for renewable energy should not be considered as a constant 
parameter, rather a value that varies with site-specific environmental conditions (Moriarty 
and Honnery, 2016). Consistently, we found that the practical DOW potential has 
interannual variability. The average values and monthly availability for DOW potential 
constitute new valuable information for technical, financial and environmental evaluation 
of Ecoparks in the Caribbean. These results contribute to reducing the gap between ocean 
energy and other renewable energy, since estimations on practical potential as well as 
reliability indicators are necessary for reaching technology maturity (IRENA, 2014a; 
Mercure and Salas, 2012). With this study we accomplished the specific objective (ii).  
 
Table 6-1 Average deep ocean water potential in five cities in the Caribbean 
 Average potential 






Bridgetown – Barbados 49.0 19.3 334 
Montego Bay – Jamaica 47.8 20.5 326 
Puerto Plata – The Dominican 
Republic 
41.2 14.8 281.2 
San Andres – Colombia 45.0 18.8 307 
Willemstad – Curacao 128 48 878 









Figure 6-2 Monthly availability of DOW flow (black bars) and OTEC (grey bars) 
 in five cities in the Caribbean, as a percentage of the average 
 
6.3  Studies 3 and 4 
Understanding the future of SWAC in the Caribbean: individual 
versus regional policies 
90% of the electricity generation in the Caribbean comes from fossil fuels (Mclntyre et al., 
2016); and about 16% of that electricity is used in AC (CTO, 2016). AC demand is expected 
to increase by 35% in the residential sector and 67% in the commercial sector by 2050, as 
a result of population growth and climate change (Santamouris, 2016). SWAC is one of the 
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most mature DOW technologies; it is a renewable energy that uses cold DOW to provide 
AC to a set of buildings through a cooling district. By replacing traditional AC with SWAC, 
a building could increase its efficiency by about 80% and could eliminate the use of fossil 
fuel for AC generation. Despite the advantages, the adoption of SWAC in the world, and 
especially in the Caribbean, is limited. The adoption of SWAC is strategic for sustainable 
development in the Caribbean, given that it could drive the adoption of other less-mature 
DOW technologies such as ocean thermal energy (OTEC). Thus, this study we developed 
a system dynamics model to understand the dynamics of SWAC adoption and to identify 
actions and policies that could accelerate SWAC deployment in the Caribbean.  
The system dynamics model includes three sub-models: DOW supply, demand for AC, and 
acceptance of SWAC. We complemented the system dynamics model with a 
multidimensional scaling analysis to include the effect of cross-country word-of-mouth on 
SWAC adoption rates. We calibrated the model for five countries in the Caribbean: 
Barbados, Colombia, Curacao, Dominican Republic, and Jamaica. We simulated a business-
as-usual (BAU) scenario and performed a sensitivity analysis to validate the model's 
behavior. With the validated model, we tested the effectiveness of different incentives to 
increase the installed capacity of DOW supply infrastructure and installed capacity of 
SWAC in buildings.  
Simulations show that, similar to other renewables, the adoption of SWAC follows an S-
shaped path. Despite the high investment costs the profitability is not a limitation to adopt 
since SWAC has a lower levelized cost of energy (LCOE) than traditional AC. A SWAC 
network provides AC to several buildings; thus the construction of the first system needs 
to guarantee a minimum AC demand (threshold capacity) to be economically feasible. We 
found that the main limitation to SWAC adoption is the low technology acceptance, 
necessary to reach such threshold capacity. Thus, policymakers should design incentives to 
increase acceptance and reach the threshold capacity, instead of providing incentives to 
decrease costs, such as tax exceptions. The most effective action to reach 100% acceptance 
in the Caribbean before 2050 is subsidizing the construction of the first DOW extraction 
pipeline, and encouraging all new buildings to connect to the SWAC district.  
Figure 6-3 shows the results of the BAU scenario and compares the best individual policy 
with the best regional policy. Results suggest that, by 2030, renewable AC use in the 





increase up to 60% if they adopt a regional policy. We found that the regional policies are 
the most effective to impulse the adoption of SWAC, which in turn contributes to attaining 
sustainable energy targets such as reduction in greenhouse gases emissions, refrigerants 
emissions, energy efficiency, and energy diversification. 
These results contribute to better understanding the main barriers for adoption of DOW 
technologies in the Caribbean and constitute new information for energy policy design 
towards a sustainable Caribbean. With these studies, we accomplished the specific 




Figure 6-3 Simulation of best individual policy and best regional policy for SWAC 
adoption in the Caribbean 
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6.4 Future research  
Additional and complementary studies to this thesis should be performed in order to keep 
reducing the gap between DOW technologies and other renewable alternatives, in particular 
for the Caribbean. First, the methodologies and models developed in these studies constitute 
tools that can be used to extending the analysis to other cities and other DOW technologies, 
and assessing future DOW projects. However, stronger contributions can be made by 
collecting primary data, evaluating local environmental and social effects, and extending 
the analysis to other dimensions of sustainable development.  
Environmental impacts are of the main limitations not only for DOW but also for other 
renewable energies (Boehlert & Gill, 2010; Lilley, Konan, & Lerner, 2015). Additional to 
the constraints considered in this study, future work should collect and use primary data 
to validate the potential estimations (currently based on reanalysis data), and include site-
specific constraints based on the requirements of local ecosystems and communities. 
Moreover, further work should expand our models to include cumulative effects on 
ecosystems, since high and permanent perturbations in salinity, temperature or nutrients 
can damage the surface ecosystem, or introduce new species (e. g. algae contamination) 
(Liu, Sheu, & Tseng, 2013; Yoon & Park, 2011). 
Regarding market and policy analysis, future work should focus on developing a detailed 
financial model, detailed costs estimation and tariff design of the thermal energy service, 
and including the effects of ocean and environmental variability on the availability of the 
thermal energy service. More especially, we call for research on willingness to pay for such 
technologies, with well-informed communities. Appendix 6-A presents progress in the 
integration of the potential and resource availability with the adoption model for San 
Andres Island and discusses the contribution of Ocean Ecoparks to selected sustainability 
indicators.  
Finally, in order to extend the analysis to other dimensions of sustainable development, the 
potential benefits, as well as possible impacts, should be discussed with interdisciplinary 
actors, such as local communities, government, scientists of other disciplines, and other 
interested institutions. Both government and academic sector have the challenge to educate 





for developing innovative industries that impulse the economic development of the 
Caribbean in the long term. 
 
6.5 Final remarks  
The world has reached a point of no return in terms of sustainable development; there is 
no longer time to wait-and-see, we are now in the urge of acting. The entire planet has to 
find new ways and implement what we know to mitigate and adapt to climate change and 
guarantee that the planet will have enough resources for supporting future generations. 
More than 190 nations signed the Paris Agreement in the 21st Conference of the Parties 
(COP21) of the United Nations Framework Convention on Climate Change (UNFCCC). 
Most of the signing countries send their intended nationally determined contributions 
(INDC) to mitigate Climate Change, and almost all signing states in the Caribbean 
committed to reducing their emissions in 20 – 30% by 2030, compared to their business-as-
usual scenario. Although these intended contributions are insufficient to stop climate 
change (only net-zero emissions targets would be effective enough), policymakers need to 
take strong actions in order to reach their expected contributions.  
On the mitigation side, strategies must be directed not only to look for new ways of 
generating energy but also to decrease energy consumption and improve energy efficiency. 
OTEC has potential to contribute to sustainable development by generating clean 
electricity and fresh water; however, the largest (and currently available) contribution of 
DOW to sustainability could be achieved with SWAC, since we found that the practical 
potential could provide AC for the entire Caribbean. Moreover, SWAC can be installed in 
continental cities with even larger consumptions that the insular cities, contributing even 
further to global energy efficiency.  
The need for adapting to climate change is leading to an accelerated installation of 
inefficient and expensive AC systems, especially in tropical regions. This increased 
consumption of AC goes against sustainable development goals. Thus, renewable and 
efficient alternatives, such as SWAC will be necessary to adapt to climate change without 
increasing greenhouse gases emissions. SWAC has been successfully implemented at 
commercial scale, at lower LCOE than traditional AC systems; thus, it should already be 
164 Adoption of deep ocean water technologies and their contribution to sustainable 
development in the Caribbean 
 
included in energy agendas all over the world. Nevertheless, its massification will depend 
on the proper designing of incentives and policy.  
The sustainability challenges are today greater than ever, major changes in 
our planet are happening now. Thus strong and effective actions should be 
taken now.  
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Appendix 6-A: Contribution of Ecoparks to Sustainable 
Development in San Andres 
In Chapter 2 we identified the main sustainable development concerns in San Andres, as 
well as the main barriers to the implementation of an Ocean Ecopark on the island. We 
integrated the results of DOW potential and resource availability found in Chapter 3, with 
the technology adoption model developed in Chapters 4 and 5 to measure the impact of an 
Ocean Ecopark in San Andres. We expanded the adoption model to include the DOW 
demand for SWAC and OTEC combined.  
Consistently with the barriers found in Chapter 1, the simulation showed that two of the 
main limitations to the Ecopark’s adoption are: the preliminary status and lack of 
knowledge of DOW technologies, and the lack of regulation and incentives for ocean energy. 
Figure 6A-1 presents the results of the best policy scenario for an Ecopark in San Andres. 
This scenario considers incentives to finance a pilot project, as a strategy to increase the 
technology acceptance, and thus improving the knowledge on DOW technologies. 
Additionally, the scenario includes strong regulation in the use of inefficient AC systems, 
by enforcing new buildings to implement a sustainable alternative such as SWAC. These 
two policy incentives can contribute to sustainable development of the island by increasing 
the SWAC and OTEC capacity, reaching 80% of renewable energy by 2050 and saving 731 
GWh between 2018 – 2050. These energy savings and renewable energy capacity can avoid 
809 kton of CO2 emissions and 2.4 kton CO2e of ozone-depleting substances (ODS) 
emissions.   
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Figure 6A-1 Impact of Ocean Ecoparks in selected indicators of sustainable 
development in San Andres 
 
 
